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ABSTRACT 
 
While the presence of a 5’ cap and a 3’ poly(A) tail are key elements for efficient 
translation of eukaryotic mRNAs, many viral mRNAs lack one or both of such structures and 
yet translate efficiently.  Owing to the absence of a 5’ cap, Barley yellow dwarf virus 
(BYDV, Luteoviridae family) genomic and subgenomic RNA1 rely on a cap-independent 
translation element (BTE), which is an RNA domain capable of promoting translation.  In 
contrast to an internal ribosome entry site (IRES), the BTE is located at the 3’ end of the viral 
mRNA, while translation initiation occurs at the 5’ end proximal AUG.  For its activity, the 
BTE requires a cis-acting element within the 5’ untranslated region (UTR) of the RNA, with 
which it shares a five base sequence complementarity.  We propose that the BTE recruits part 
of the translation machinery and the long distance base pairing of the BTE to this BTE-
complementary loop (BCL) – across 4000 bases - facilitates delivery of the factors from the 
3’ UTR to the 5’ end, where translation initiates. 
In this study, we have revealed the importance and the constraints of the long distance 
5’-3’ interaction, and we have explored the mechanism of ribosome entry into the mRNA.  
The kissing interaction achieves several important functions: (i) it enables the BYDV viral 
mRNAs to comply with the eukaryotic requirement of RNA circularization as a prerequisite 
for recruitment of the translation machinery, (ii) it regulates the loading of the translation 
machinery onto the mRNA, and (iii) it controls in a unique fashion the efficiency with which 
the genomic and subgenomic viral mRNAs compete for the host translation machinery, and 
therefore the ratio of different viral gene products.   
  
iv 
Just as with cellular mRNAs, BTE-mediated translation requires 5’ end-dependent 
ribosome scanning to reach the initiation codon.  In such a scheme, the long distance 
interaction must be continuously disrupted by the scanning ribosome, and reformed to allow 
the delivery of the factors to the next 43S ribosomal complex.  We have provided the first 
evidence suggesting that the initial entry of the ribosomal complex occurs at the 5’ end of the 
uncapped viral mRNA.  Due to the structure nature of the BYDV 5’ UTRs, the efficiency of 
ribosome scanning remains highly dependent on the BTE for the delivery of the initiation 
factors, which are necessary for unwinding of the local 5’ end structure.  In such a view, the 
5’ UTR become a rate limiting-factor under low factor availability.  
 BTE-mediated translation is a novel mechanism for the recruitment of the ribosomes 
to the mRNA.  It differs from cap-dependent translation and known IRESs through its 
combination of (i) cap-independence, (ii) location in the 3’ UTR, and (iii) requirement for 
scanning from the 5’ end of the mRNA.  
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CHAPTER 1: GENERAL INTRODUCTION 
 
HISTORICAL PERSPECTIVE 
If the DNA is really our thread of Ariadne, the labyrinths out of which it is expected to lead 
us are truly inscrutable” Erwin Chargaff (1971). 
 
Following the discovery of the double-helix structure of the DNA (1), attention was 
shifted in trying to decipher the coding scheme of protein synthesis (reviewed by (2).  It was 
soon clear that the order of the four bases in the DNA must direct protein synthesis from a set 
of 20 amino acids.  The first model for protein synthesis was drawn by Gamow, father of the 
Big Bang theory, who hypothesized that it occurred directly on the DNA in a key-and-lock 
model (3).  In such context, the different cavities formed by four contiguous bases within the 
double helix dictated the nature of the amino acids.  The proposed model raised on important 
coding dilemma: all amino acid arrangements should be permitted, and the codons should not 
overlap.  More confusions arose with the discovery of the protein machine makers, identified 
as the microsomal particles (and later called ribosomes) in the cytoplasm (4).  How could the 
genetic material locked in the nucleus direct protein synthesis in the cytoplasm?   
Soon, Crick (1958) pushed the idea of the existence of an intermediate information 
carrier, which was deduced to be RNA-based (5).  The genetic information of the DNA codes 
for the linear order of amino acids in the protein.  And a messenger RNA (mRNA) carries the 
genetic information from the nucleus to the cytoplasm and directs protein synthesis.  Indeed, 
one could not realize that such compelling “ idea with no reasonable evidence” would 
become “The central dogma of molecular biology”.   
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But what was the messenger?  The ribosomal RNAs bear the obvious features of the 
perfect message: they are the most abundant and stable RNAs in the cells, and importantly, 
located within the site of protein synthesis.  In such a view, each ribosome directed with its 
RNAs the synthesis of one specific protein in a one gene-one ribosome-one protein model.  
In the following years, it was soon clear that the model could not explain the constant size 
and homogeneity of the nucleotide composition of the ribosomal RNA, while the protein and 
DNA size vary greatly in length and between species (6).  The early perception by Jacob and 
Monod (1961) that the protein synthesis can be turned on and off in response to external 
condition, led them to hypothesize that the ribosomes were just non-specialized structures, 
which receive an mRNA of very short half-life, which will determine the sequences of amino 
acids for protein production (7).  That was the first concept of RNA turnover as mechanism 
of control of gene expression.  Rapidly, the existence of the unstable message separate from 
the ribosomal mRNA was independently proven by several scientists (6,8).  The first 
biochemical proof that RNA directs protein synthesis was provided by Niremberg et al. 
(1961). A poly(U) stretch of RNA resulted in the synthesis of poly-phenylalanine protein (9).  
The discovery of adaptor molecules that carry the amino acid and match to the RNA 
nucleotide sequence (10) contributed to putting all the pieces of protein synthesis together.  
The flow of the genetic information from DNA→RNA→protein was deciphered, and much 
of the translational apparatus was characterized.   
While protein synthesis is controlled at different levels including RNA transcription, 
processing, transport, and turnover, regulation at the translational level offers rapid response 
to external stimuli and is the starting block of my dissertation research.  Translation is the 
final stage in the gene expression pathway in all species (reviewed in (11,12).  The process 
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consists of four major steps: initiation, elongation, termination and recycling.  We will focus 
on the complexity of translation initiation event.  It is of great importance to understand that 
the ability of an mRNA to recruit the translation machinery determines its translational fate. 
This chapter reviews (i) the major steps of translation initiation, (ii) global and 
selective controls of translation initiation, (iii) the alternative mechanisms of translation 
utilized by some RNA viruses to circumvent host regulation, (iv) Barley yellow dwarf virus 
RNA as model system for non-canonical translation.  
 
TRANSLATION INITIATION 
The basic steps of translation initiation in eukaryotes and prokaryotes are 
evolutionary conserved (13,14).  It involves (i) association/dissociation of the small and large 
ribosomal subunits, (ii) selection of the initiator aminoacyl -tRNA (iii) selection of the 
correct initiation start on the mRNA, and (iv) joining of the large subunit at the start codon.  
However, each system involves disparate processes in the recruitment of the ribosomal 
subunit and in the mechanism of selection of the initiation site.  The prokaryotic translation 
mechanism is based on a simple rRNA-mRNA interaction and requires only three translation 
factors to direct protein synthesis from each cistron of the polycistronic message.  In contrast, 
the eukaryotic protein machinery involves multi-protein complex of at least 12 initiation 
factors for the translation of only one cistron per message, as summarized in Table 1. 
 
In bacteria 
Briefly, the signal for initiation of protein synthesis and selection of the correct AUG 
start codon in bacterial mRNA is a conserved purine-rich sequence motif, called Shine 
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Dalgarno (SD), preceding the start codon (13,15).  The 4-5 nt SD motif is sufficient to recruit 
the ribosome subunit by direct base pairing to the 3’ end of the 16S rRNA.  In addition to the 
base pairing, the SD is strategically located about 5-7nt upstream of the AUG, which allows 
the start codon to be positioned right in the P-site of the small subunit (11).  The translation 
initiation factors IF1, IF2 and IF3 bound to the 30S ribosomal subunit, facilitate the assembly 
of the mRNA onto the ribosome subunit, the correct selection of the initiation site, the 
binding of initiator tRNA into the P-site of the small ribosome, and the joining of the larger 
50S subunit (13).  The regulation of the translation initiation is mediated by conformational 
changes of the mRNA secondary structure or protein binding, which either exposes or masks 
the SD for ribosome entry.  
 
In Eukaryotes 
While the 3’ end sequence of the prokaryotic 16S rRNA and the eukaryotic 18S 
rRNA are quite similar, the SD motif is absent in all eukaryotic 18S rRNA.  Eukaryotic 
translation does not rely on rRNA-mRNA base pairing to locate the correct initiation site but 
rather initiates with the recognition of the 5’ end of the message, which is facilitated by an 
array of co-factors (Fig. 1) (16).  As we will cover in depth, the 40S eukaryotic small 
ribosomal subunit, charged with the initiator tRNA and additional factors, enters the mRNA 
from its 5’ end and locates the initiation codon by progressive 5’-3’ linear scanning of the 5’ 
untranslated region (UTR), which can be up to several hundred bases nucleotide long.  Due 
to the 5’-end dependency of translation initiation (in contrast to prokaryotes), 5’ distal AUGs 
remain translationally silent, which is at the basis of the monocistrony of eukaryotic mRNA, 
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and ribosomes are unable to bind and initiate efficient translation of circularized cellular 
mRNAs (17). 
The anchoring point for ribosome entry in eukaryotes is a 7 methylguanosine cap 
structure at the 5’ end of the mRNA, which is acquired during the course of transcription (18-
20).  Another key feature of mRNA is a 50-300 or longer nucleotide-long poly-adenosine 
stretch at the 3’ end.  These two elements are involved in (i) RNA stability, protection against 
exonucleases, (ii) RNA export from the nucleus, (iii) check-point for RNA integrity prior to 
translation, and (iii) as described here, in RNA translation efficiency (21).   
 
Step 1: Assembly of the translation machinery onto the mRNA 
One of the first steps in initiation is the formation of the 43S pre-initiation complex, 
which consists of the eIF2/GTP/initiator met-tRNA ternary complex bound to the 40S 
ribosomal subunit (22)(Figure 1).  This involves first (i) the selection of the correct initiator 
tRNA from the pool of tRNAs and elongator met-tRNA, which is mediated by eIF2, and (ii) 
the delivery of the met-tRNA to the 40S small ribosomal subunit, which is maintained 
separated from the large subunit.  The complex is then stabilized by additional factors - eIF1, 
eIF1A, eIF5 and eIF3 - which will play crucial roles in downstream steps, and is then ready 
to be presented to the mRNA via eIF3  (23,24). 
While the 43S pre-initiation complex is capable of entering the 5’ end of the mRNA 
independently of any other factors (25), the recognition of the 5’ end is strongly promoted by 
the interaction of the cap with the eukaryotic initiation factor eIF4F complex. 
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Table 1. List of the eukaryotic initiation factors (eIFs) involved in recruitment of the 
translation machinery 
 
Translation 
factors  
Function Binds Reference 
43S complex     
eIF1 Stabilizes binding of the ternary complex to the 40S 
ribosome 
Required for scanning and selection of correct start codon.  
Has anti-subunit association activity   
Met-tRNAimet, 
eIF2, eIF5, eIF3 
(25) 
eIF1A Acts synergistically with eIF1 eIF2, eIF5B, eIF3 (16) 
eIF2 Selects the correct initiator met-tRNA. 
Binds the 40S subunit as a ternary complex with Met-
tRNAimet  and GTP. 
Irreversibly hydrolyzes GTP at the recognition of the 
correct AUG codon  
40S subunit, 
eIF1, eIF1A, 
eIF2B, eIF3, eIF5 
(16)) 
eIF2B Guanine nucleotide exchange factor of eIF2  
Catalyses the regeneration of GTP-bound form of eIF2  
eIF2 (16) 
eIF5 Promotes GTPase activity of ribosome bound-eIF2 
Interacts with eIF1A for the selection of the correct AUG 
Promotes mRNA binding to the 43S complex   
eIF1, eIF1A, 
eIF2, eIF2B, 
eIF31, eIF4G1 
(26) 
eIF5B Stabilizes Met-tRNAimet on ribosome 
Hydrolyzes GTP for correct 80S assembly  
GTP, eIF1A (27) 
eIF3 Enhances assembly of the 43S complex 
Recruits the 43S complex to the mRNA  
Promotes scanning and AUG recognition 
Prevents premature joining of the 60S subunit  
40S subunit, 
eIF1, eIF1A eIF2, 
eIF4B, eIF4G2, 
eIF1A1, eIF51 
(23,24) 
 
48S complex  
   
eIF4F/eIFiso4F
* 
Multisubunit component 
Assembles the translation machinery at the 5’ end of the 
RNA 
Assures processivity of ribosome scanning  
 (11,16) 
   
eIF4E/eIFiso4E
* 
Recognizes the 5’ cap  5’cap, eIF4G (28) 
   
eIF4G/eIFisoG
* 
 
Scaffold protein: recruits the 43S complex through eIF3 
Enhances eIF4E interaction to cap 
Enhances eIF4A helicase activity  
eIF4E, eIF4A, 
eIF4B, eIF3, 
PABP 
(29,30) 
   eIF4A**   RNA ATP-helicase Unwinds mRNA to facilitate binding of the 40S subunit and 
processive scanning 
mRNA, eIF4G, 
eIF4B3, eIF4H3 
(16) 
eIF4B 
(eIF4H***) 
Promotes eIF4A ATPase and helicase activity  mRNA, eIF3, PABP, eIF4A3 
(31) 
PABP Increase the affinity of 4F to the mRNA 
Brings the 3’-5’ together through eIF4G interaction 
Stabilizes mRNA 
3’ poly(A) tail, 
eIF4G, eIF4B 
(32),  
(33) 
* isoforms existing only in plants, ** part of eIF4F in animals but not in plants, ***reported in animals, 1 in yeast, 2 
not in yeast, 3 not proven 
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* part of eIF4F in animals but not in plants 
Figure 1.  Eukaryotic translation initiation pathway. (Modified from (22) 
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 The proposed role of eIF4F in initiation is to increase the mRNA competency by (i) binding 
the 5’ end, (ii) melting the secondary structure around the 5’ cap to facilitate attachment of 
the 40S ribosomal subunit and (iii) bridging the ribosomal subunit to the mRNA (16) .   
The eIF4F complex, which is absent in bacteria, consists of three subunits: eIF4E - 
the 5’ cap-binding subunit, eIF4G - the multi-interacting protein, and eIF4A - the RNA ATP-
dependent helicase, the activity of which is additionally promoted by eIF4B (29).  In plants, 
eIF4F consists of only eIF4G and eIF4E, and has an isoform - eIFiso4F - composed of 
eIFiso4G and eIFiso4E.  Compared to eIF4F, eIFiso4F is different in size, cellular 
abundance, and function (34,35).  eIF4G is the central organizer of the assembly of the 
ribosomal subunit on the mRNA (30).  It binds eIF4E and eIF4A, and enhances each of their 
functions, which are to stabilize the 4F-mRNA interaction and to enhance unwinding of the 
5’ cap-proximal structure, respectively.  eIF4G also interacts with the poly(A) tail binding 
protein, PABP, which in turn binds the 3’ poly(A) tail, bringing the mRNA in to a closed-
loop conformation (Fig. 1) (36,37).  The physical circularization of the mRNA (38) has been 
proposed to serve several roles, including (i) increasing stability of the mRNA, (ii) 
enhancement of the translation factor interactions with the mRNA, which, as a result, 
becomes highly competent to bind the 40S subunit, and (iii) recycling of the terminating 
ribosomes back to the 5’ end (27,39).  Once eIF4F is positioned, the 43S preinitiation 
complex is ready to load via eIF3-eIF4G interaction. 
It is important to understand that the 43S pre-initiation complex is capable of entering 
the 5’ end of the mRNA independently of eIF4F, the cap or ATP (25).  However, the 
productivity of the ribosome-mRNA association is dependent on a free-structured 5’ end.  
Since most 5’ UTRs contain a certain level of structure, the recruitment of the 43S complex 
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is enhanced by the presence of eIF4G/eIF4A alone (40), and strongly stimulated by the 
cooperative interaction between the full combination of eIF4E, eIF4G, eIF4A and PAPB, 
following the recognition of the 5’ cap by eIF4E (16).  Indeed, the requirement for eIF4F for 
initiation varies greatly among mRNAs, and is proportional to the amount of secondary 
structure downstream of the cap (25).  mRNAs with long and highly structured 5’ UTRs 
(referred to as weak mRNAs) are more eIF4F-dependent - in order to unwind the RNA 
structure for scanning to occur - compared to those with less structured and short 5’ UTRs 
(referred to as strong mRNAs) (41).  Examples of strong mRNAs include the housekeeping 
mRNAs, required for maintenance of normal cell functions, which are constitutively and 
advantageously translated (42).  As we will see, the change in the availability of 
eIF4E/eIF4G can affect both global and selective regulation of translation.  While its 
shortage causes shut down of general translation, its overexpression selectively induces 
translation of the highly structured mRNAs, which are strongly dependent on eIF4F 
availability.  It is noteworthy that a majority of the weak mRNAs are involved in cell growth, 
apoptosis, tumor suppression.  And there is accumulating evidence linking over-expression 
of those mRNA to oncogenesis (43).  
 
Step 2: Recognition of the correct initiation start site 
Once the 43S ribosomal complex is loaded onto the mRNA, the translation machinery 
scans the 5’ UTR in a linear fashion in search of the initiation site (44).  The processivity of 
scanning is facilitated by the helicase activity of eIF4F, which frees the 5’ UTR of any 
structure, and by eIF1 and eIF1A, which enhance the interaction of the 43S complex with the 
mRNA (24).  The selection of the initiation start site is determined, not only by its proximal 
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position to the 5’ end, but also by its local sequence context (45-47).  In mammalian cells, the 
optimal context of a start codon is a purine at base -3 and +4 from the AUG (+1 corresponds 
to the A of the initiation start) (A/G)CCAUGG, as shown in bold (45-47).  In plants, the 
optimal context is (A/C)AAAUGGC in dicots and (A/G)CCAUGG in monocots (Joshi et al., 
1997).  An AUG in a poor context is often bypassed and the ribosomal complex continues 
scanning. 
The recognition of the correct AUG is coordinated by the initiation factors eIF1, eIF2 
and eIF5 (22,48).  eIF1 is proposed to maintain the ribosomal complex in an “open” 
configuration to facilitate scanning, and destabilize it when assembled at an incorrect codon 
(25).  When the correct initiation codon is reached, the ribosomal complex adopts a 
“scanning incompetent closed” conformation, which prevents any further movement of the 
complex and accommodates a perfect anticodon-codon match of the met-tRNA to the 
mRNA.  The recognition of the initiation codon coincides with (i) the release of eIF1 from 
the complex, (ii) the specific interaction of the α subunit of eIF2 with base G at position -3 of 
the AUG, and (iii) the irreversible hydrolysis of the GTP bound to eIF2, catalyzed by eIF5, 
which releases the met-tRNA into the ribosomal P site (22).  As a result, the 48S ribosomal 
complex is irreversibly committed to initiation at the selected AUG.  The additional 
hydrolysis of a GTP bound to eIF5B (49) promotes joining of the 60S subunit to form the 
translationally competent 80S ribosome and protein synthesis starts.  
 
GLOBAL AND SELECTIVE CONTROLS OF TRANSLATION 
Translation control, reflected by a change of rate in protein synthesis, plays a major 
role in development, differentiation, homeostasis, cell cycle and in response to various 
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stresses such as viral infection (12).  Regulation of translation, which can occur at various 
stages of translation, results in a turning off or on of protein synthesis in response to external 
stimuli.  The main step for control is at the level of initiation.  We can distinguish (i) global 
control of translation, which affects equally the general pool of mRNAs, and (ii) selective 
control of translation, which targets only a subset of mRNAs without affecting general 
protein synthesis (50,51).  
 
Global control  
Global control of translation is implemented by changes in the activity of the general 
components of the translation complex, such as eIF2 and eIF4E.  Their regulation is mediated 
primarily by changes in their phosphorylation state (reviewed in (51).  
As described above, eIF2 plays an important role in the selection and transfer of the 
initiator tRNA onto the small 40S ribosomal subunit (51).  In its active GTP-bound state, 
eIF2 forms the ternary complex with the met-tRNA.  The GTPase activity of eIF2 is 
activated upon the recognition of the correct initiation codon, which results in the irreversible 
hydrolysis of the GTP, followed by the release of eIF2 from the 40S ribosomal subunit, in a 
GDP-bound form.  Active eIF2 is rapidly regenerated for a new round of translation through 
the exchange of a GTP with the bound GDP.  This is catalyzed by eIF2B, a guanine 
nucleotide exchange factor.  The activity of eIF2 in the formation of the 43S pre-initiation 
complex is regulated by its phosphorylation state.  Once phosphorylated, eIF2 remains tightly 
bound to eIF2B.  This sequestration of eIF2B, which is in limiting supply within the cell, 
prevents further GTP-GDP exchange and therefore results in an accumulation of inactive 
 12 
GDP-bound eIF2 (52).  This rapidly results in a deprivation of the ternary complex, which 
leads to a general decrease of translation. 
The second target in the global control of translation is the formation of eIF4F 
complex, targeted by the translation repression proteins, 4EBPs, which have been primarily 
characterized in mammals (review (50).  4EBP competes with eIF4G for the same binding 
site on eIF4E.  The 4EBP-eIF4E interaction prevents the assembly of the eIF4F complex, and 
therefore results in a general inhibition of cap-dependent translation.  4E-BP affinity to eIF4E 
is regulated by its phosphorylation state.  Hypo-phosphorylated 4E-BP binds eIF4E, while its 
hyper-phosphorylated form loses affinity to eIF4E and therefore favors eIF4E/eIF4G 
interaction.  The phosphorylation state of 4E-BP is controlled by the mTOR signal 
transduction pathway that activates the protein kinase in response to extracellular stimuli 
such as growth factors, hormones, cell stress, and amino acid depravation (28).  A positive 
regulation of translation in found in vertebrates, where eIF4E is also directly targeted for 
phosphorylation by MnK1 kinase, which is bound to eIF4G. Phosphorylated eIF4E has an 
increased affinity to eIF4G and to the cap, which results in higher translation efficiency (28). 
 
Specific control   
Specific regulation of translation is promoted by trans-acting elements/factors binding 
the untranslated regions of target mRNAs.  This process of regulation, which can result in 
translation repression or activation, modulates certain temporally and spatially controlled 
events such as cell differentiation and embryonic development.  Specific control of 
translation occurs mostly at many different levels and can be either protein- or RNA-
mediated (reviewed (51).  I will describe few examples. 
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Protein-mediated control.  One example of protein-mediated inhibition is by the iron 
regulatory proteins (IRP1 and IRP2), which modulate the uptake, storage and transport of 
iron to the cells by influencing mRNA translation or stability.  The IRPs have a specific 
binding site, the iron response element (IRE), which forms a 28 nucleotide stem-loop 
structure and is located either in the 5’ or 3’ UTR of the target mRNA.  Under low iron 
condition, IRP binds to the 5’ proximal end of ferritin mRNA, which is responsible for iron 
storage.  The binding of IRP hinders entry of the 43S pre-initiation complex and therefore 
inhibits translation (53)  Also, IRP binds to the 5 IREs in the 3’ UTR of transferrin mRNA, 
which is responsible for iron transport.  The binding of IRP stabilizes the mRNA by 
protecting it from endonucleases, and results in active translation of the mRNA, necessary 
for transport of iron outside the cell.  At high iron level, IRP are released from both mRNAs 
to allow translation of ferritin and turn off transferring expression as its mRNA is degraded. 
A similar mechanism is observed for the inhibition of anterior expression of the 
caudal mRNA during Drosophila development via blocking of the cap-structure for eIF4F 
binding (54).  The repression of caudal mRNA translation is mediated by the binding of a 
bicoid transcription factor protein to the 3’ UTR of the mRNA, that is followed by interaction 
with 4E-HP - a cap-binding protein that cannot bind eIF4G.  The interaction of 4E-HP to 
bicoid transcription factor and the cap represses translation. 
 
RNA-mediated control.  The recently discovered RNA-mediated control of translation 
involves binding of a trans-acting RNA to a target site. One well-characterized RNA-
mediated mechanism is RNA interference (RNAi), which is guided by small (≈ 21nt) non-
coding interfering RNAs (siRNA) and microRNAs (miRNA) (55-57).  Translation regulation 
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by small RNAs relies on base pairing to the target mRNAs - normally within the UTRs - 
followed by the assembly of the Argonaute proteins, which constitute the RNA induced 
silencing complex (RISC).  
The fate of the target mRNA depends on the nature of the Argonaute protein and the 
degree of complementarity to the small RNA. This could either trigger specific RNA 
degradation or arrest of translation at different stages.  A perfect match operated by siRNA 
results in endonuclease cleavage of the RNA.  While the mechanism of repression of 
translation remains under debate, it is proposed that an imperfect interaction with the 3’ 
UTR, which is normally observed for miRNA, can trigger both accelerated RNA 
degradation, through deadenylation of the mRNA, or repression of translation.  Repression of 
translation can occur (i) at the initiation stage, with the miRNA interfering with the formation 
of the 48S complex only in capped-mediated translation (58), possibly by targeting eIF4E 
(59); or by binding of the Argonaute domain to the 5’ cap of the mRNA, excluding it from 
eIF4E interaction (60), and (ii) at the elongation phase, as observed in C. elegans for the 
mRNA target of Let 7, Lin 4 regulatory of developmental timing (61,62).  It has been 
observed that while translation is repressed, the mRNAs remain in the polysome fraction.   
As part of the focus of this dissertation, we will describe a novel mechanism of RNA-
mediated regulation of translation, which induces differential repression of translation of its 
target mRNAs.  
 
ALTERNATIVE MECHANISMS OF TRANSLATION INITIATION 
While the presence of the cap is a key element for translation, many viral mRNAs – 
which are fully dependent on their host translation apparatus for infection - obviate the need 
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for the cap and yet translate efficiently.  These strategies involve (i) IRES or internal 
ribosome entry site elements, which tether the translation complex directly to the AUG in a 
5’ end-independent manner, and/or (ii) CITE or cap-independent translation elements, which 
require scanning from the 5’ end. 
As we will see, cap-independent translation confers several lines of translational advantages 
to viral RNAs and a growing number of reported cellular mRNAs.  
 
Internal ribosome entry sites (IRES) 
With the exception of certain plant viruses, cap-independent translation is facilitated 
by internal ribosome entry site (IRES) elements, which are RNA domains that vary greatly in 
sequence, length, and structure, and are capable of recruiting the 40S ribosomal subunit 
directly to close proximity of the initiation site (63,64).  This strategy obviates the need for 
ribosome scanning from the 5’ end of the mRNA, and requires different sets of translation 
factors, from all to none, and/or trans-acting factors, depending on the virus and its affinity to 
the ribosomal subunit.   
Mammalian IRESes are generally highly structured and long (200-500 nt) and 
obstruct normal scanning of the 5’ UTR by the ribosomal complex (63).  The IRES confers 
translational advantage by circumventing eIF4E-mediated cellular translation control, and by 
allowing the virus to shut-off host translation and free the ribosomes to its own advantage.  
The latter may be brought via (i) proteolytic cleavage of eIF4G by viral proteases, as 
observed in Picornaviridae, (ii) dephosphorylation of 4E-BP in Encephalomyocarditis virus 
and poliovirus infection which blocks eIF4E-eIF4G binding, and/or (iii) dephosphorylation 
 16 
of eIF4E in adenovirus and influenza virus-infected cells, which reduces its affinity to eIF4G 
(63). 
Animal IRESes can be classified in at least four groups: the type I and II of 
picornaviral IRESes, the Hepatitis C virus IRES, and the highly divergent Cricket paralysis 
virus IRES element (64,65).  In the type I IRES found in enteroviruses and rhinoviruses, the 
40S ribosomal subunit binds to the IRES and reaches the initiation codon located about 40-
150 nt downstream by scanning.  The central domain of eIF4G, which contains the binding 
site for eIF3 and eIF4A, is sufficient for ribosome recruitment.  In the type II IRES found in 
cardioviruses and aphtoviruses, the 40S subunit first binds near or at the initiation site and 
does not require scanning.  This class includes the Encephalomyocarditis virus IRES.  In 
contrast to those of Picornaviridae, the IRES in Hepatitis C virus (Flaviviridae) bypasses the 
need for the eIF4 complex for the recruitment of the ribosomal complex, and is dependent 
only on eIF3 and eIF2-bound to the GTP for full assembly of the 80S complex (66,67).  The 
initiation codon is placed directly at the P-site in the ribosome (68).  Even more extreme, the 
Cricket paralysis virus IRES (Dicistroviridae), located at the intergenic region of two open 
reading frames (ORFs), assembles the elongation-competent ribosomes independently of 
initiation factors, met-tRNA or an AUG (69,70).  The secondary structure of the IRES 
mimics a tRNA structure, which lures the ribosome and places the non-canonical initiation 
codon into the A-site of the subunit.   
IRESes have also been identified in few plant viral RNAs including members of the 
picorna-like Potyviridae and Comoviriade families, Crucifer-infecting tobamovirus, and 
Potato leafroll virus (71).  In contrast to animal viruses, these IRESes are less complex, 
relatively short and unstructured (72-74).   
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It is noteworthy that a growing number of cellular mRNAs are being found to harbor 
an IRES in their 5’ UTR (63).  The cellular IRES-containing mRNAs use both cap-dependent 
and cap-independent translation to ensure continuous expression of their encoded proteins.  
These cellular mRNAs are involved primarily in the regulation of cell metabolism, growth 
control, differentiation, proliferation and apoptosis.  The IRES is proposed to be activated in 
response to a broad range of environmental stresses and/or metabolic processes, which 
coincides with a repression of cap-dependent translation.  Such an alternative mechanism of 
translation must have physiological importance for the cell as it provides an additional level 
of control of gene expression. 
 
Cap-independent translation elements (CITE) 
Here I report on a different type of translation mechanism found in a growing number 
of uncapped, non-adenylated plant viral RNAs (75).  These viral RNAs rely on a cap-
independent translation element (CITE) to bind essential translation initiation factors in the 
absence of the 5’ cap and to facilitate ribosome recruitment.  Unlike IRESes, these CITEs are 
located in the 3’ end of the viral mRNA while promoting translation of open reading frames 
located kilobases upstream at the 5’ end (71).  The CITEs vary greatly in sequence and in 
structure, yet they all probably perform the same function – i.e. ensure the recruitment of 
ribosomes to the 5’ end of the genome.  Translation activation by the 3’ CITE involves at 
least two major steps.  One is the recruitment of the translation initiation complex by the 3’ 
element.  As we will see in the next paragraph, the ability of the CITE to mediate translation 
correlates with its ability to bind eIF4F (76,77).  The second is the long-distance interaction 
between the 3’ element and the 5’ UTR to facilitate the delivery of the translation complex to 
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the 5’ end, where ribosomes initiate scanning, just as in cellular mRNAs (78-80).  To this 
date, at least six classes of CITEs could be proposed (Figure 2), which include: the Satellite 
tobacco necrosis virus (STNV) translation enhancer domain (TED) (76,81); the Barley 
yellow dwarf virus (BYDV) and BYDV-like cap-independent translation elements (BTE), 
which are found in the genus Luteovirus (82,83) and Umbravirus of the Luteoviridae family, 
and in the Dianthovirus (84) and Necrovirus (85) genera of the Tombusviridae; the 
translation elements within the remaining genera of the Tombusviridae family, which include 
the Tomato bushy stunt virus (TBSV) (86,87), the Maize necrotic streak virus (MNSV) (88), 
Turnip crinkle virus (TCV) (89), Hibiscus chlorotic ringspot virus (HCRSV) (90), the 
Panicum mosaic virus (PMV) (91), and PMV-like translation elements; and the Blackcurrant 
reversion nepovirus (BRV) (92) translation element in the picornavirus-like Comoviridae 
family. 
The following paragraphs, which include my contribution to a manuscript entitled 
“Cap-independent translation of plant viral RNAs” by Elizabeth Pettit Kneller, Aurélie M. 
Rakotondrafara and W. Allen Miller, submitted and accepted by Virus Research, review the 
features of each of the CITEs. 
 
The Satellite tobacco necrosis virus (STNV) translation enhancer domain. STNV RNA 
contains an efficient cap-independent translation enhancer domain (TED) located in the 5’ 
end of the 600 nt 3’ UTR (nts 645-746) (93,94) (95).  Mutations within TED that abolish 
translation can be fully compensated by a cap at the 5’end of the mRNA (81).  Independent 
of its position within the RNA, the TED mediates cap-independent translation in vivo and in 
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vitro of STNV and heterologous RNAs (81).  Most likely, TED adopts an extended stem loop 
structure for its translation activity (96).  
The TED was shown to bind specifically and directly to eIF4E (26 kDa) and eIFiso4E 
(28 kDa) (76).  TED inhibited translation of cap- or TED-containing mRNAs when added in 
trans, whereas no trans-inhibition was caused by mutant TED sequences that lost their ability 
to bind to translation factors (97).  Trans-inhibition by TED was reversed by the addition of 
eIF4F or eIFiso4F (76).  The addition of free cap analogue m7GTP to the translation extract 
did not inhibit TED-mediated translation, suggesting that the TED may not compete with the 
cap for binding of eIF4E (76).  To achieve translation initiation at the 5’-proximal AUG, 
TED must interact with the STNV RNA 5’ UTR (81). 
To achieve translation initiation at the 5’-proximal AUG, TED must interact with the 
STNV RNA 5’ UTR (81).  Both elements bear complementary sequences (81), which led the 
authors to test the hypothesis that TED and the 5’ UTR interact by direct base pairing.  
Indeed, mutations in either sequence that disrupted the predicted base pairing reduced 
translation.  However, compensatory double mutations predicted to restore base pairing did 
not restore cap-independent translation.  Thus, any interaction between TED and the 5’ UTR 
may not rely on Watson-Crick base pairing.  However the results do not rule out the 
possibility that base pairing is required, and that the particular mutations altered the 
structures in unpredicted ways to prevent base pairing between UTRs, or that specific 
sequence as well as base pairing is required.   
 
 20 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. The putative classes of 3’ cap-independent translation elements. 
Purple box: STNV- Satellite tobacco necrosis virus translation enhancer domain; 
Green box: BTEs- Barley yellow dwarf virus and BYDV-like translation elements 
Yellow boxes: the Tombusviridae translation elements, including that of TBSV - Tomato 
bushy stunt virus; MNSV - Maize necrotic streak virus; PMV - Panicum mosaic virus; not 
represented are the Hibiscus chlorotic ringspot virus and Turnip crinkle virus translation 
elements 
Blue box: Blackcurrant reversion virus translation element. 
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   Both the STNV 5’ UTR and 3’ TED have sequences complementary to 18S rRNA 
(81) which may facilitate recruitment of the 40S ribosomal subunit by direct base pairing 
(76).  The eIF4F complex recruited by the TED would then assemble the translation complex 
at the 5’end of the mRNA either by interaction of both ends with the 40S subunit or by 
tertiary structure of the mRNA (76). 
 
The Barley yellow dwarf virus (BYDV-) and BYDV-like cap-independent translation 
elements.  BYDV and other members of genus Luteovirus (98), including Soybean dwarf 
virus, Bean leafroll virus, and the recently described Rose spring dwarf associated virus, all 
members of the Necrovirus (Tobacco necrosis virus, TNV-A, TNV-D) and Dianthovirus 
(Red Chlorotic necrotic mosaic virus RNA1) genera (Tombusviridae), harbor the BYDV (or 
BYDV-like) cap-independent translation element (BTE) in the 5’ end of the 3’ UTR (Figure 
3).  The presence of the BTE was recently extended to the Umbravirus genus as observed in 
Tobacco bushy top virus and Groundnut rosette virus (Wang Z., personal communication).   
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Figure 3. The Barley yellow dwarf (BYDV) and BYDV-like translation elements.  
BYDV: Barley yellow dwarf virus; GRV: Groundnut rosette virus; RSDaV: Rose spring 
dwarf associated virus; TBTV: Tobacco bushy top virus; TNV-D: Tobacco necrosis virus 
strain D.  In green: the consensus 17 nt sequence among all the BTEs. In red: the sequence 
complementary to the 5’ UTR necessary for long-distance interaction. 
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While there is no prototype (Figure 3), we define BTEs as cap-independent translation 
elements with at least two structural features:  (i) a consensus 17 nt sequence, 
GGAUCCUGGGAAACAGG that includes a stem-loop (SL-I, paired bases underlined) with 
a GNRNA loop motif (99), and (ii) a loop (not in SL-I) that can base pair to a loop in the 5’ 
UTR of the RNA.  BTEs are functionally indistinguishable from the STNV TED, but bear no 
similarity in sequence or secondary structure to TED (83).  An invariant hexamer, GAUCCU, 
within the 17 nt conserved sequence, is complementary to 18S rRNA at exactly the same 
distance from the 3’ end of 18S rRNA as is the RNA binding site (Shine-Dalgarno binding 
site) of prokaryotic 16S ribosomal RNA (83).  It is still unclear whether in addition to 
recruiting initiation factors that facilitate ribosome recruitment, the BTE may bind the 40S 
subunit directly. 
 
The mechanism of regulation of the Barley yellow dwarf virus cap-independent translation 
element or BTE-mediated translation as a model for 3’ mediated translation is the focus of 
my dissertation. 
 
The Tombusviridae group. The other six genera of the Tombusviridae, while harboring 
some kind of cap-independent translation sequence, have no sequence resembling a BTE.  
Tomato bushy stunt virus (TBSV) RNA of genus Tombusvirus, lacks a BTE as evidenced by 
the absence of the 17 nt conserved sequence, nor is cap-independent translation clearly 
detectable in vitro.  Instead, TBSV RNA relies on a 400 nt region composed of three 
contiguous domains (RIII, R3.5, RIV) referred to as the 3’ cap-independent translational 
enhancer or 3’CITE, to facilitate cap-independent translation in vivo (86). The R3.5 segment 
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represents the core translation-specific element (86,100), but requires the flanking RIII and 
RIV regions that are also essential for replication (100). 
The R3.5 adopts a Y-shaped structure with three extended stems (S-A, SL-B and SL-
C) that is highly conserved in genus Tombusvirus (87).  Mutations on either stem loop 
impaired RNA translatability (87).  3’-5’ communication is mediated by base pairing of the 
SL-B R3.5 to a complementary stem loop, SL3, within the 5’ T-shaped domain, TSD, 
essential for replication (87,101).  The interaction involves 9 nt that extend from the terminal 
loop to stem sequence. Sequence complementarity rather than primary sequence is important 
for this 3’-5’ communication (87).  Thus, like BTE-containing viruses, base pairing between 
loops in the 3’ and 5’ UTRs is necessary.  In fact, Fabian and White found potential base 
pairing between 3’ and 5’ UTRs in most genera of the Tombusviridae family (87).  
Interestingly, the Maize necrotic streak virus 3’ CITE, related to the Tombusvirus 
genus, mediates cap-independent translation in vitro from the gRNA and both sgRNAs.  
Rather than adopting a Y-shaped structure, it forms a long stem loop, and the loop has 
sequence complementary to a loop within the TSD (88).  On the other hand, the maintenance 
of the T-shaped structure for the Panicum mosaic virus translation element (Panicovirus 
genus) is critical for its function (91).  Interestingly, a similar PMV-like element was 
discovered in Pea enation mosaic virus RNA2, which belongs to the Umbravirus genus 
(Wang Z., personal communication). 
The core translation enhancer element of Turnip crinkle virus (Carmovirus genus) is 
also located within the 5’ end of the 3’ UTR of the gRNA and sgRNA (89).  The TCV-TE 
works cooperatively with the 5’ UTR in mediating cap-independent translation.  This 
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cooperation may not involve base pairing interaction as no potential complementary 
sequence was identified (87,89).  
Interestingly, the 5’ UTR of the CP sgRNA of TCV mediates translation more 
efficiently than the gRNA 5’ UTR.  This makes sense because the level of accumulation of 
the CP is at least 100-fold greater than other gene products.  Qu and Morris (2000) propose 
that the primary role of the TCV 3’ TE is to ensure efficient translation of viral RNA in 
competition with the host mRNA, while the 5’ UTRs modulate the level of expression to 
control the switch from early to late stages of viral life cycle (89).  Yoshii et al. (2004) 
showed that the recessive eIF4G mutant in the cum2 gene of Arabidopsis thaliana prevents 
translation of TCV RNA.  However, TCV translatability was not affected in the cum1 mutant 
line that had lost eIF4E (102) or with mutation within eIFiso4E gene (103).  Thus TCV RNA 
translation may be eIF4G- but not eIF4E-dependent.  
 
The Blackcurrant reversion virus translation element.  Blackcurrant reversion virus (BRV) 
is in the Nepovirus genus of Comoviridae family.  This plant virus family resembles the 
animal Picornaviridae family in that the RNAs, encodes a single large polyprotein, have a 
viral protein genome linked at their 5’ end instead of a cap, and a poly(A) tail at their 3’ end.  
The unique feature of the viral RNA is that it bears (i) a 3’ cap-independent translation 
element in its 3’ UTR, which requires a complementary stem-loop in the 5’ end, conserved 
among nepoviruses (92), and (ii) a 5’ leader with IRES activity (104) - base pairing to a 
region in the 18S rRNA for full translation enhancement. 
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BARLEY YELLOW DWARF VIRUS (BYDV) 
On a biological point of view, Barley yellow dwarf virus (BYDV, Luteovirus genus, 
Luteoviridae family) is one of the most economically important diseases in cereal crops 
worldwide (105,106).  One main characteristic of the Luteoviridae family is their tissue 
specificity – they are confined in the phloem- and insect transmissibility (107).  BYDV is 
transmitted in a circulative manner and uses the aphids just as a vector.  Along with the plant 
sap, the virus reaches the hindgut of the aphids and penetrates into the haemocoel.  From the 
haemocoel, the virus migrates to and accumulates into the accessory salivary glands.  During 
aphid feeding, the virus particles are released into the plant phloem along with the saliva, and 
infection can start.  BYDV disrupts the transport of plant nutrients, which induces chlorosis, 
plant stunting and poor fertilization.  Ultimately the viral infection, if not controlled, can lead 
to substantial decrease in crop yield.   
 
BYDV genome organization  
BYDV has a positive-single stranded RNA packaged into an icosahedral particle.  
The genome of 5677 bases long codes for six potential open reading frames (ORFs), which 
are translated differentially during the viral life cycle (Figure 4) (108).  Upon cell infection, 
the BYDV genomic RNA functions as a message for the expression of ORF1 and the 
putative 99KDa RNA-dependent RNA polymerase fusion protein (ORF1+ORF2) (109).  
ORF1 and ORF1+ORF2 products are the only proteins required for (i) viral replication or the 
production of multiple copies of the full-length viral genome, and (ii) RNA transcription, for 
the synthesis of the viral subgenomic messenger RNAs (sgRNAs).  
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Figure 4. Barley yellow dwarf genome organization and strategies of gene expression. 
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The sgRNAs are 3’-coterminal with the genomic RNA.  BYDV produces three 
sgRNAs of different sizes during cell infection, that are not packaged, but serve rather as 
transient transcripts, and as we will see, regulators of gene expression.  sgRNA1 is the 
mRNA for ORF3, ORF4 and ORF5, whose expression is critical in the late phase of viral life 
cycle, but dispensable for viral RNA replication (110,111).  ORF3 encodes the coat protein.  
ORF4, which overlaps ORF3 sequence in a different open reading frame, codes for a 17 kDa 
protein that appears to be involved in virus movement.  ORF5 - which is required for aphid 
transmission (112) - is expressed as an extended C-terminal in-frame fusion of the coat 
protein.  sgRNA2 is the potential mRNA for ORF6, which remains undetectable and of 
unknown function (113), and sgRNA3 does not encode for any ORF and its function remains 
unknown.  As we will see in the next chapter, rather being a transcript, sgRNA2 plays the 
role of a regulator of gene expression. 
 
Gene expression strategies 
Due to the limited size of their genomes, BYDV has evolved an array of strategies to 
expand its coding capacity, and to ensure efficient expression of its genes, while complying 
with host translation rules (114).  These include (Figure 4): 
(i) production of sgRNAs for the translation of the 5’ distal AUGs, which are 
translationally silent in the gRNA.  Different models have been proposed 
for the production of the sgRNAs, which includes internal initiation of the 
polymerase or premature termination of the negative strand synthesis, or 
discontinuous transcription of the polymerase (115). The mechanism of 
BYDV sgRNA synthesis still remains unclear.  As part of the focus of this 
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dissertation, their production regulates the proper timing and level of 
protein accumulation.  
(ii) frame-shifting recoding event, in which less than 5% of the ribosome skip 
a stop codon by changing reading frame – in this case  by slipping back 
one base relative to the initial ORF being translated ( -1 frameshift) and 
resume elongation in a different frame.  This results in one fusion protein 
from two overlapping reading frames.  The ribosomal frameshifting event 
plays a regulatory function in maintaining a particular ratio between the 
ORF1 and ORF1+ORF2 products (116,117).  It is regulated by a long-
distance frameshift element, which must base pair to a stem loop adjacent 
to the frameshifting site across 4000 bases (116,117).  
(iii) leaky scanning mechanism, in which a portion of ribosomes bypass the 
ORF3 AUG, which is in a poor context, and continue scanning until they 
reach the downstream ORF4 AUG. 
(iv) readthrough event, which involves the redefinition of a stop codon as an 
amino acid, for the production of the fusion CP-ORF5 protein. 
(v) And as previously mentioned and the topic of this dissertation, cap-
independent translation, obviating the need for the 5’ cap. 
 
It is clear that both 5’ and 3’ non-coding regions of the viral mRNAs play key regulatory 
roles in BYDV translation and replication.   
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FOCUS OF MY Ph.D. DISSERTATION RESEARCH 
As described above, BYDV relies on the cap-independent translation element or BTE 
located in the 3’ end of the mRNA to facilitate expression of viral proteins from the genomic 
RNA (gRNA) and sgRNAs in vivo and in vitro (83).  The BTE folds into a roughly cruciform 
secondary structure of about 100 nt with three major stem loops (SL-I, SL-II, SL-III) and a 
terminal stem or “stalk” (S-IV) that allows it to protrude from the viral genome (82); E. 
Pettit, unpublished).  For its function, the BTE must communicate with the 5’ end of the 
mRNA.  It achieves this through the base pairing between the loop of SL-III in the BTE and 
a five base loop sequence in the 5’ UTRs of BYDV gRNA (78) and sgRNA1 (E. Pettit, 
unpublished).  A single point mutation within either loop disrupted base pairing and 
abolished translation and replication.  Compensatory mutations predicted to restore the 
kissing-stem loop base pairing also restored cap-independent translation and replication 
activity (78).   
Chapter 2 “Oscillating kissing stem-loop interactions mediated 5’ scanning-
dependent translation by a viral 3’ cap-independent translation element” further analyzes the 
importance and constraints of the long-distance interaction for factor delivery and ribosome 
entry on the mRNA.  I found that the BTE-5’ UTR interaction may not be based solely on 
Watson-Crick base pairing, as many sequences predicted to retain complementarity between 
the BTE and 5’ UTR could not sustain translation.  However, the BTE can facilitate 
translation of a heterologous RNA from a 3’ location using a surrogate base pairing between 
UTRs outside of the BTE, supporting that the core element for cap-independent activity of 
the BTE can be separated from the 5’-3’ communication function.  In addition, I provided 
foundation evidence supporting that BTE-mediated cap-independent translation requires a 
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classical ribosome scanning from the 5’ end, as in normal cap-dependent translation.  We 
propose that the kissing interaction is repeatedly disrupted by the scanning of the ribosomes 
and re-formed in an oscillating process that regulates ribosome entry onto the RNA.  
Chapter 3  “ Trans-regulation of translation by a viral subgenomic RNA” focuses on 
the competition between the genomic and subgenomic RNAs with each other for the cellular 
translation machinery.  In addition to its in cis stimulatory activity, the BTE inhibits both 
cap-dependent and BTE-dependent translation when added in trans (83).  This inhibition is 
reversed by addition of eIF4F, suggesting that the BTE-mediated repression may be based on 
a sequestration of the translation factors.  In this study, we further explored the role of BYDV 
sgRNA2 with its BTE in the 5’ end, in the repression of translation of replication gene from 
the gRNA while allowing translation of structure genes from sgRNA1.  I found that the 
gRNA and sgRNA1 tuned their expression efficiencies via the 5’-3’ long-distance kissing 
interaction.  Their translation in presence of sgRNA2 is controlled by the proximity to the 5’ 
end of the mRNA of the stem loop that interacts with the 3’ BTE.  This research reveals a 
new level of control of sgRNA gene expression, a new role for a viral sgRNA and a new 
mechanism for RNA-mediated regulation of translation. 
Chapter 4 “Competing viral mRNAs show different efficiency in promoting cap-
independent translation under low factor availability” investigates the determinants of the 
differential translatability of the genomic and subgenomic RNAs of BYDV under 
competitive condition.  Weaker 5’ UTR structure confers translational advantage under low 
factor availability by facilitating 5’ end ribosome scanning and the usage of eIF4F isoform, 
which is poorly used for translation of highly structured RNAs.  In this chapter, I provided 
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the first evidence supporting that the initial entry of ribosome is at the 5’ end of the BYDV 
mRNAs, following the delivery of the translation factors by the BTE from the 3’ UTR.   
 Appendix A covers a short study on RNA sequences implicated in cap-independent 
translation.  
 Appendix B focuses on methods for in vitro analysis of translation enhancers 
 Appendix C instructs on the preparation and electroporation of oat protoplasts from 
cell suspension culture.  
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ABSTRACT  
The 3’ untranslated regions (UTRs) of a group of novel uncapped viral RNAs allow efficient 
translation initiation at the 5’-proximal AUG.  A well-characterized model is the Barley 
yellow dwarf virus class of cap-independent translation element (BTE).  It facilitates 
translation by forming kissing stem-loops between the BTE in the 3’ UTR and a BTE-
complementary loop in the 5’ UTR.  Here we investigate the mechanisms of the long–
distance interaction and ribosome entry on the RNA.  Upstream AUGs or 5’ extensions of the 
5’ UTR inhibit translation, indicating that, unlike internal ribosome entry sites in many viral 
RNAs, the BTE relies on 5’ end-dependent ribosome scanning.  Cap-independent translation 
occurs when the kissing sites are moved to different regions in either UTR, including outside 
of the BTE.  The BTE can even confer cap-independent translation when fused to the 3’ UTR 
of a reporter RNA harboring dengue virus sequences that cause base pairing between the 3’ 
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and 5’ ends.  Thus, the BTE serves as a functional sensor to detect sequences capable of 
long-distance base pairing.  We propose that the kissing interaction is repeatedly disrupted by 
the scanning ribosome and re-formed in an oscillating process that regulates ribosome entry 
on the RNA.  
 
INTRODUCTION 
Initiation of translation for cellular mRNAs can be broken down into three steps (Kozak, 
2002; Kapp & Lorsch, 2004).  The 40S ribosomal subunit with the initiation factor complex 
enters the capped mRNA at the 5’ terminus (step 1), scans the 5’ untranslated region (UTR) 
to reach the 5’ proximal AUG (step 2) at which the 60S subunit joins (step 3) and protein 
synthesis ensues.  The recognition of the 5’ cap by the cap-binding protein component 
(eIF4E) of initiation complex eIF4F enhances ribosome recruitment to the mRNA (von der 
Haar et al., 2004).  The other component of eIF4F, initiation factor 4G (eIF4G) orchestrates 
the assembly of the scanning machinery (Kapp & Lorsch, 2004).  eIF4F recruits the RNA 
helicase eIF4A (Oberer et al., 2005) (not a subunit of eIF4F in plants), which unwinds the 5’ 
region to favor the attachment and subsequent scanning of the eIF3-bound 40S-ribosomal 
subunit onto the unstructured RNA (Pestova & Kolupaeva, 2002; Siridechadilok et al., 2005; 
Jivotovskaya et al., 2006).  
Many viral RNAs have structures within their 5’ or 3’ UTRs that recruit the host 
translation machinery in the absence of a 5’ cap and/or a poly(A) tail (Dreher & Miller, 2006; 
Kneller et al., 2006).  With the exception of certain plant viral RNAs, cap-independent 
translation is facilitated by a highly structured internal ribosome entry site (IRES), which 
varies greatly in size, structure, and mechanism depending on the virus (Hellen & Sarnow, 
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2001).  IRESes recruit the 40S ribosomal subunit to an internal region of the RNA in close 
proximity to the initiation codon, without ribosomal scanning from the 5’ end (Sarnow et al., 
2005).  
Here we report on a different type of cap-independent translation element discovered in 
certain uncapped non-polyadenylated plant viral and satellite RNAs including the 
Luteoviruses (Wang et al., 1997) and members of the Tombusviridae family (Timmer et al., 
1993; Wu & White, 1999; Mizumoto et al., 2003; Meulewaeter et al., 2004; Shen & Miller, 
2004; Batten et al., 2006; Scheets & Redinbaugh, 2006).  Unlike IRES-mediated translation, 
the cap-independent translation element is present in the 3’ untranslated region, yet 
translation initiation occurs at the AUG closest to the 5’ end of the mRNA (Kneller et al., 
2006).  Through a long-distance kissing stem-loop interaction between the 3’ cap-
independent translation element and the 5’ UTR, the 3’ element mediates translation 
initiation at the 5’ end of the mRNA.  Presumably, the long-distance base pairing facilitates 
the delivery of the ribosomes and/or initiation factors to the 5’ proximal AUG (Guo et al., 
2001; Fabian & White, 2006). 
 At least three different classes of 3’ cap-independent translation element, which show no 
apparent similarity in sequence or structure to each other, have been identified (review by 
Miller & White, 2006).  Typical members of each class include Satellite tobacco necrosis 
virus (STNV, genus Necrovirus) (Timmer et al., 1993), Barley yellow dwarf virus (BYDV, 
genus Luteovirus) (Wang et al., 1997), and Tomato bushy stunt virus (TBSV, genus 
Tombusvirus) (Wu & White, 1999).  Here, we focus on the BYDV(-like) cap-independent 
translation element (BTE) of BYDV and related viruses.   
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The genome of BYDV is an uncapped, non-polyadenylated positive-sense RNA of 5677 
nts that encodes six open reading frames (ORFs) (Fig. 1A).  The minimal in vitro functional 
BYDV translation element (BTE) spans nts 4809-4918 and forms a roughly cruciform 
secondary structure with three major stem loops (SL-I, SL-II, SL-III) flanked by stem IV 
(Fig. 1B).  Additional sequences in the 3’ UTR, including a domain that functionally replaces 
a poly(A) tail, are required for full cap-independent and poly(A) tail-independent translation 
in plant cells (Wang et al., 1997; Guo et al., 2001).  
The 3’ BTE facilitates cap-independent translation initiation at the 5’ proximal AUG via 
base pairing of the loop of stem-loop III (SL-III) of the BTE to a complementary loop, SL-D 
(that we refer to as a BTE-complementary loop or BCL) located within the 5’ UTR of the 
viral genomic RNA.  A single point mutation within the middle of the five bases of either of 
these kissing loops disrupts base pairing and abolishes translation both in cells and in wheat 
germ extract; while compensatory double mutations that restore base pairing restore 
translation (Guo et al., 2001).  The BTE can also potentially base pair to a BCL in the 5’ 
UTR of BYDV subgenomic RNA1, which serves as the mRNA for the coat protein and other 
ORFs downstream of ORFs 1 and 2 (Fig. 1B).  However, the BCL in the 5’ UTR of sgRNA1 
does not facilitate translation in the context of full-length genomic RNA, because no ORFs 
downstream of the sgRNA1 BCL are translated from genomic RNA (Allen et al., 1999).   
It remained to be determined (i) the constraints in sequences, structures and position of 
the long distance kissing-loop interaction to support cap-independent translation, (ii) how the 
ribosomes enter the mRNA, and (iii) whether the long-distance kissing loop in the 3’ BTE 
must be located within the context of the BTE or can be separated from the intrinsic cap-
independent translation stimulation activity of the 3’ element. 
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Here we show that (i) the possible sequences of the long-distance kissing loops that 
support cap-independent translation are limited, even if complementarity is maintained, (ii) 
ribosomes must enter from the 5’ terminus of the RNA via the BCL-BTE kissing interaction, 
and scan to the 5’ proximal AUG just as on a cellular capped RNA, and (iii) the long-
distance base pairing structures can be uncoupled from the BTE structure, and even replaced 
entirely by complementary sequences from an unrelated viral RNA in vitro.  Thus, the 3’ 
BTE can be used as a functional sensor of long-distance interactions of any RNA of interest, 
even if the RNA is not normally involved in translation.  Because the ribosome must scan 
through the BCL to reach the start codon, the RNA structure must oscillate between kissing 
stem-loops and disrupted kissing.  We propose that this regulates entry of the translation 
initiation machinery onto the viral RNA.   
 
RESULTS 
Sequence specificity required for the BYDV end-to-end interaction.  Among different 
viruses, the kissing loops in the 3’ and 5’ UTRs, which are involved in long-distance 
interaction, vary in sequence and length with no obvious consensus (Edgil & Harris, 2006; 
Miller & White, 2006).  The BYDV kissing interaction, required for cap-independent 
translation, involves a five base sequence that tolerated an exchange of the middle base of 
each loop to maintain complementarity (Guo et al., 2001).  The five bases involved in base 
pairing in each loop are identical, except for the middle base (UGACA:UGUCA).  Thus, 
primary sequence as well as complementarity may be important for this long-distance 
interaction.  This led us to ask whether more sequence variation in the kissing loop could be 
tolerated.  We replaced the natural 3’ BTE loop III and the BTE-complementary loop (BCL) 
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in the 5’ UTR with complementary sequences containing three base changes, 
UCUGA:UCAGA, (altered bases in bold), or 10-base complementary tracts, 
UCAAUAUGCC:GGCAUAUUGA (Fig. 2A).  The 10-base tracts, called cyclization 
sequences (CS), are located naturally at opposite ends of the 11kb dengue virus (DEN) 
genome and are known to base pair (Khromykh et al., 2001).  The mutations were tested in 
the context of a reporter construct (LUC869) that was used previously to demonstrate the 
long-distance interaction (Fig. 2) (Guo et al., 2001).  In LUC869 firefly luciferase open 
reading frame is flanked by the BYDV genomic 5’ and 3’ UTRs (nts 1-142; nts 4809-5677).  
The expression efficiency of each mutant was measured both in oat protoplasts (in vivo) and 
in wheat germ extract (in vitro).  Despite retaining complementarity, neither set of altered 
kissing loop sequences allowed translation in vivo or in vitro (Fig. 2B).  In both cases 
translation was similar to the level obtained with a four-base insertion in the BamHI site of 
the BTE that we showed previously renders the BTE completely non-functional (BTEBF) 
(Wang et al., 1997).  The BTEBF mutation serves as a negative control throughout this 
report.   
The 3’ BTE must perform at least two functions: mediate the recruitment of the 
translational machinery, and communicate with the 5’ end where translation initiates.  The 
need for the latter function can be eliminated by placing the BTE in the 5’ UTR, from which 
it can mediate cap-independent translation in vitro (Wang et al., 1997; Guo et al., 2000).  We 
refer to any BTE mutant capable of mediating cap-independent translation from the 5’ UTR 
as having the core cap-independent translation activity.  These mutants may or may not have 
the long-distance base pairing capability.  To determine whether the above alternative 
sequences of the kissing interaction disrupted the core cap-independent translation activity of 
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the BTE, the BTE mutants (LIII-3; LIII-CS) were tested in the 5’ UTR context of the 
luciferase reporter gene with non-viral sequences in the 3’ UTR (5’ BTE-LUC, Fig 2C).  
Translation of these uncapped BTE-LUC RNAs was at least as efficient as the “wild type” 5’ 
BTE-LUC RNA (Fig. 2C), indicating that the mutations within loop III of the BTE did not 
interfere with the cap-independent translation activity of the BTE.  Thus, the LIII-3 and LIII-
CS mutants lost ability to mediate translation from the 3’ UTR due to an inability to interact 
productively with the 5’ UTR, or because the compensating mutants in the 5’ BCL (absent in 
the constructs with the BTE in the 5’ UTR) disrupted translation.  
 
Structural flexibility in the 5’ UTR but not in the BTE.  Previously, we showed that the 
stem portions of the kissing stem loops can be exchanged between the SL-III and the 5’ BCL, 
SL-D (Guo et al., 2001).  Here, we test whether the stem is necessary at all.  Mutations were 
introduced to disrupt the base pairing in the stem portion of the BTE SL-III (SIII-m1, SIII-
m2, Fig. 3A).  Although the BTE loop III bases were predicted to remain single-stranded and 
available for base pairing to the 5’ end, no translation activity above background level 
(obtained with the BTEBF construct) was observed in cells or in wheat germ extract (Fig. 
3B).  The BTE mutants also failed to promote cap-independent translation above background 
level when placed in the 5’ UTR context of the luciferase gene (Fig. 3C), revealing that 
disruption of the stem III structure abolished the core cap-independent translation function of 
the BTE, even in the 5’ UTR context that lacks a requirement for the long-distance kissing 
interaction.  The double compensatory mutation, predicted to restore the BTE stem III 
structure (SIII-r), rescued the translation of the LUC869 RNA fully in vitro and to one third 
of the wild type level in vivo (Fig. 3B).  These levels of translation were about 5- and 200-
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fold, respectively, greater than the expression obtained for the mutants with the disrupted 
stem III.  As expected, double mutant SIII-r facilitated full translation in the 5’ BTE-LUC 
context (SIII-r, Fig. 3C).  Thus, the stem portion of SL-III tolerates changes in the primary 
sequence as long as the stem remains intact.  Disruption of the stem causes structural changes 
sufficient to abolish cap-independent translation in any context.   
 Unlike SL-III in the BTE, disruption of the stem flanking the BCL in the 5’ UTR 
(SD-m1, -m2, Fig. 3D), still allowed significant translation of the uncapped reporter 
transcript in vivo (Fig. 3E), while the double compensatory mutant that restored the stem-D 
(SD-r) translated as efficiently as wild type LUC869 RNA.  Thus, regardless of the flanking 
structure, the BCL bases are sufficient to support the long-distance RNA:RNA interaction 
with the 3’ BTE. 
 
Ribosome scanning from the 5’ end is required for cap-independent translation.  
Previously we reported that addition of a highly stable stem-loop at the extreme 5’ end of the 
gRNA abolished both BTE- and cap-mediated translation (Guo et al., 2001), presumably by 
blocking access of the 5’ end for ribosome binding (Kozak, 1989).  Such a major change to 
the 5’ UTR could prevent BTE-BCL interactions or affect translation in unpredicted ways.  
Thus, we further examined the possibility of 5’ end-dependency of the BTE-mediated cap-
independent translation with different alterations of the 5’ UTR.  An out-of-frame AUG 
(uAUG) was inserted just upstream of the 5’ BCL in the LUC869 reporter construct context, 
creating a small upstream ORF (uORF) of 29 codons (Fig. 4A).  If scanning occurs, the 
ribosomes would encounter the uORF before reaching the start codon of the luciferase gene, 
which would greatly reduce initiation at the LUC AUG.   
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Luciferase expression in vivo was compared to that of the wild type RNA and a 
capped BTEBF RNA construct, in which translation is cap-mediated and thus scanning-
dependent (Fig. 4B).  The presence of the uAUG reduced cap- and BTE-mediated translation 
of luciferase to 13% and 27%, respectively, of that obtained from the wild type LUC869 
RNA (capped uAUG-BTEBF, uAUG).  The reduction of the luciferase expression correlated 
with the accumulation of a 2.9kDa peptide encoded by the uORF, except for the uAUG-
BTEBF construct in which no translation above background of either ORF is expected (Fig. 
4C).  In this construct, both the uAUG and the LUC AUG had the same sequence context 
(GCGCAUGG).  We next placed the uAUG in the optimal Kozak context for efficient 
initiation (GCCACCAUGG) (Kozak, 1991).  This construct abolished luciferase expression 
(Kozak uAUG, Fig 4B).  These data support that cap-independent translation mediated by the 
3’ BTE relies on a ribosome scanning mechanism that obeys conventional Kozak rules, 
starting from a region upstream of the 5’ kissing site (BCL), most likely the 5’ end itself 
(Guo et al., 2001), just as on a cellular capped mRNA.   
 
Increasing distance of the BTE-complementary loop from the 5’ end reduces 
translation efficiency.  In BYDV gRNA, the BCL is located at base positions 103-107 of the 
5’ UTR, and is the fourth stem-loop from the 5’ end (Guo et al., 2000).  In contrast, in all 
other 3’ TE-bearing RNAs including BYDV sgRNA1 and other luteoviruses, the BCL is 
located within 10-30 nucleotides of the 5’ UTR in the 5’ proximal stem-loop (Fig. 5A).  This 
raises the question of the importance of the position of the BCL relative to the 5’ end for the 
efficiency of the BTE-mediated cap-independent translation.  We propose that the 3’-5’ 
interaction is necessary for the delivery of either the ribosome or the initiation factors to the 
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5’ end of the RNA, from where the ribosome enters and scans to the first AUG via 
conventional mechanisms (above).  This model predicts that (i) if the BCL is further away 
from the 5’ end, the BTE-bound ribosome and/or initiation factors may be less likely to find 
the 5’ terminus of the mRNA and translation efficiency would be reduced, and (ii) if the BCL 
is brought closer to the 5’ end, the delivery of the translation complex may be more efficient.   
To test this hypothesis, we first added extra sequence to the 5’ UTR of the LUC869 
reporter construct.  To rule out potential deleterious effects of structure in the added sequence 
on ribosome scanning, we used a fragment of a sequence with little secondary structure that 
is known not to inhibit translation (Fig. 5B).  We used portions of the tobacco mosaic virus 
(TMV) Ω sequence, a translation enhancer that allows significant translation of uncapped 
mRNA but is strongly stimulated by presence of a 5’ cap (Gallie et al., 1987).  Moreover, Ω 
sequence has no stimulatory effect on BTE-mediated cap-independent translation (Wang et 
al., 1997).  When the 5’ BCL was positioned 30 to 63 bases further downstream of the 5’ 
end, by inserting portions of the Ω sequence at the extreme 5’ end of the 5’ UTR, cap-
independent translation in vivo dropped by 56% and 77%, respectively (+ 5’-30nt, + 5’-63nt, 
Fig. 5B).  This reduction in expression correlated roughly with the distance of the BCL from 
the 5’ end.  To determine whether the insertions could affect the stability of the mRNA, the 
functional half-life of the mutant RNA with the extended 5’ UTR (+5’-63nt) was estimated 
by monitoring the rate of luciferase accumulation in cells (Meulewaeter et al., 1998b) (Fig. 
5C).  While the half-life of the mutant was reduced, this did not account for the four-fold 
drop in luciferase activity relative to the reporter with the wild type 5’ UTR.  Thus, the 63 nt 
extension of the 5’ UTR significantly reduced translation efficiency.   
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When repeats of the same sequence were inserted at the 3’ end of the 5’ UTR, 
downstream of the BCL, RNA translated similarly to the wild type construct (+ 3’-63nt; +3’-
200nt, Fig. 5B).  These insertions positioned the BCL about 100 to 230 bases upstream of the 
AUG, instead of the natural 30 bases upstream, while the BCL remained at the wild type 
distance from the 5’ end of the RNA.  Thus, as expected, the sequences of the Ω fragments 
were not inhibitory to translation.  Moreover, they did not provide any cap-independent 
translation activity, as no translation was observed in the context of the uncapped BTEBF 
mutant RNAs bearing the 3’ extension of the 5’ UTR (+ 3’-63nt BTEBF; +3’-200nt BTEBF).   
All of the above data support a model in which a longer distance between the BCL 
and the 5’ end reduces the likelihood of the BCL-BTE kissing to deliver components 
required for cap-independent translation in the competitive environment of the cell.  
Furthermore, the data show that a longer 5’ UTR per se does not affect translatability, 
because insertion of extra sequence between the BCL and the start codon did not interfere 
with cap-independent translation.  
We next tested the effect of relocating the BCL to a site closer to the 5’ end of the 
gRNA, similar to the positions of the BCLs of other 3’ TE-bearing RNAs (Fig. 5A).  The 
loop sequence of the 5’ proximal stem-loop structure (SL-A) at bases 12-16 in the gRNA 5’ 
UTR was converted from UGACC to a BCL by changing one base (C16 to A; C16A, Fig. 5D).  
First, we observed that the presence of this additional BCL in the 5’ UTR of the genomic 
reporter construct allowed translation in vivo (construct 2-BCL, Fig. 5D).  By mutating the 
SL-D loop (GAC104-106 to CUG) and thereby preventing its interaction with the BTE, the 3’ 
BTE was able to promote translation, presumably via the surrogate kissing interaction with 
the artificial BCL (construct A-BCL).  The translation efficiency of the artificial BCL 
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reporter constructs was somewhat lower than the wild type level.  In contrast, when the 
ability of the 5’ SL-D loop to base pair to the BTE was disrupted by an A105 to U mutation 
which alone abolished translation (construct no-BCL, Fig 5D) (Guo et al., 2001), the 
alternative SL-A C16A-BTE interaction was unable to rescue the translation of the reporter 
RNA (construct A*-BCL, Fig 5D).  Presumably, owing to sequence complementarity 
between the SL-A C16A (UGACA) and SL-D A105U (UGUCA), non-productive base pairing 
between these two nearby stem loops out-competed the long-distance interaction between the 
loop III of the BTE, which has the same sequence as the SL-D A105U, and SL-A C16A.   
Taken together, these results support our hypothesis that an essential portion of the 
translation machinery is recruited to the 5’ end via a 5’ BCL-3’ BTE base pairing, and that 
the translation complex is transferred via the 3’ BTE to the 5’ terminus of the RNA.  The 
translational machinery can find the 5’ end with similar efficiency when the BCL is located 
within a range of 10 to about 110 nt from the 5’ end of the mRNA.  The lack of translation by 
the A*-BCL construct supports the notion that A105U acts as a competitive decoy by base 
pairing to the complementary sequence in SL-A C16A.  
 
An alternative long-distance kissing interaction supports BYDV RNA replication.  To 
determine the biological relevance of moving the BCL to SL-A, this time in the natural viral 
context, the SL-A C16A and SL-D GAC104-106 to CUG mutations (vA-BCL), and others were 
introduced into the full-length BYDV viral RNA and the effects of these changes on RNA 
translatability and viral replication were analyzed (Fig. 6).  The translation efficiency of the 
mutant RNA in vitro was determined by monitoring the incorporation of 35S-labeled 
methionine into the translation products of ORF 1 (39kDa) and ORFs 1+2 (99kDa) (the latter 
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resulting from -1 ribosomal frameshifting) (Fig. 6A).  As expected, the GAC to CUG 
mutation in SL-D that disrupted the 3’-5’ end interaction abolished gRNA translation (vno-
BCL).  In contrast, the viral transcript bearing two BTE-complementary loops (v2-BCL) and 
the transcript with the surrogate kissing interaction (vA-BCL) translated at near wild type 
levels (Fig. 6A).  Thus, the effect of the mutations on translation of the full-length viral RNA 
correlated with their effects observed in the reporter gene translation (above).   
The effect of mutations in the BCL on viral replication was assessed by observing 
accumulation of viral RNAs in transfected protoplasts 48 hours after inoculation (Fig. 6B).  
As expected, no viral replication was observed in cells transfected with the translationally 
incompetent RNA (vno-BCL).  The construct in which both SL-A and SL-D serve as BCLs 
replicated (v2-BCL).  Most importantly, the vA-BCL RNA, in which the role of BCL was 
moved to SL-A, replicated to levels close to that of wild type viral RNA (Fig. 6B).  These 
results reveal that (i) the BTE-SL-A interaction sustains cap-independent translation in the 
context of replicating viral RNA in vivo, and (ii) either the SL-A loop plays no role in viral 
RNA replication, or viral RNA replication tolerates the C to A point mutation in SL-A and 
the unnatural interaction of the BTE with SL-A. 
 
Sequences outside of the BTE can mediate the long-distance interaction to facilitate 
translation.  We wondered whether the 3’-5’ end interaction can be maintained by sequences 
outside of the BTE with the BTE still retaining its core activity as a recruiter of key 
translation components.  To test this, a stem-loop downstream of the BTE, called the long-
distance frameshift element (LDFE), was made complementary to the 5’ BCL by changing 
the LDFE loop from UCUGU to the BTE loop III sequence UGUCA (cLDFE, Fig.7A).  The 
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LDFE normally base pairs to a sequence near the frameshift site 4 kb upstream (Barry & 
Miller, 2002).  The LDFE is located at bases 5057-5075 in the BYDV genome, and is not 
required for cap-independent translation (Paul et al., 2001).  In the luciferase reporter 
construct, no sequence in the wild type BYDV UTRs or LUC ORF is predicted to base pair 
to the LDFE, indicating that the LDFE is unlikely to pair to other sites in the wild type 
reporter.  The BTE loop III was altered (LIII-3) to disrupt base pairing to the 5’ BCL without 
affecting the core cap-independent translation activity of the BTE (Fig. 2C).  Despite the 
sequence complementarity of the cLDFE loop with SL-D, the LIII-3+cLDFE construct failed 
to support cap-independent translation (Fig. 7A).  To determine whether the location of the 
cLDFE rendered the loop inaccessible to the 5’ BCL, the cLDFE stem loop was relocated 
upstream of the BTE at base position 4809 (uLDFE, Fig 7A).  Translation was still not 
recovered, suggesting that either the BTE itself must mediate the long-distance interaction 
and/or in both constructs, the mutant RNAs fold in unpredicted ways that disrupt the BTE 
structure and/or cLDFE-BCL base pairing. 
To answer this question we investigated an alternative interaction in which the 3’ 
UTR remained unaltered.  The 5’ BCL was made complementary to the loop portion of the 
wild type LDFE, and rendered unable to base pair to the wild type BTE loop III, by changing 
the BCL sequence from UGACA to ACAGA (cSL-D, Fig 7B).  Indeed, this construct 
promoted cap-independent translation of the mutant LUC869 RNA in protoplasts to about 
one-third of the wild type translation efficiency level (cSL-D, Fig. 7B).  This was a 28-fold 
increase over the expression of the single mutation in which the BCL could base pair to 
neither the BTE nor the LDFE loop (A105U, Fig. 7B).  Thus, the long-distance kissing 
interaction can be mediated by sequence outside of the BTE as long as the 3’ UTR, or (more 
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likely) the BTE structure, remains unaltered.  This suggests some additional constraints in 
sequence and/or structure of the core-cap independent translation function of the BTE in the 
natural 3’ UTR context.  
 
The 3’ BTE promotes cap-independent translation of an mRNA containing dengue 
virus UTRs.  Next, we set out to investigate the ability of the BTE to mediate cap-
independent translation from the 3’ end of a normally capped mRNA that harbors 
complementary sequences in each end that are known to base pair.  We used a luciferase 
reporter RNA representing the dengue virus 2 genomic RNA (DEN) (Fig. 8).  The luciferase 
ORF is flanked by the DEN 5’ UTR followed by the first 72 bases of the viral capsid protein 
coding region (nts 1-168), and by the DEN 3’ UTR (nts 10269-10723) (Holden & Harris, 
2004).  The naturally capped DEN RNA contains conserved complementary 10 base tracts 
(UCAAUAUGCC:GGCAUAUUGA) within the UTRs, constituting the cyclization 
sequences (CS).  CS base pairing is necessary for replication (You & Padmanabhan, 1999; 
Alvarez et al., 2005b) but not for translation of DEN RNA (Alvarez et al., 2005a; Chui et al., 
2005; Edgil & Harris, 2006).  We fused the BTE, along with flanking bases from the BYDV 
genome (nts 4809-5045), to the extreme 3’ end of the DEN 3’ UTR on this reporter construct 
(Fig. 8A).  We predicted that, via the 5’-3’ CS interaction, the 3’ BTE would be brought into 
close proximity to the 5’ end of the RNA to mediate cap-independent translation, by the same 
mechanism as for BYDV RNA translation.  
The translation efficiency of the chimeric DEN-BTE RNA was measured in wheat 
germ extract and compared to that of capped and uncapped DEN RNAs (Fig. 8B).  Uncapped 
DEN-3’BTE RNA translated as efficiently as capped DEN RNA lacking the 3’ BTE.  In 
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contrast, uncapped DEN RNA and the negative control, DEN-3’BTEBF RNA, translated 
about one fourth as efficiently as did DEN RNAs with a cap or a BTE.  This apparently high 
background level of cap and BTE-independent translation in wheat germ extract is because 
capped DEN RNA, defined as 100% here, translates only about one-third as efficiently as 
LUC869 RNA (data not shown).  Therefore, the background translation level of uncapped 
DEN-3’BTEBF RNA is about one-twelfth that of LUC869 RNA.  It is noteworthy that the 
BTE bearing the three base changes on its kissing loop (LIII-3, see Fig. 2) facilitated full cap-
independent translation of the DEN reporter RNA (DEN-LIII-3), supporting the notion that 
the loop III of the BTE did not interfere with the core cap-independent translation activity of 
the BTE, and that wild type loop III did not base pair fortuitously to a sequence in the 5’ 
UTR of the DEN reporter.  
To determine whether the 3’ BTE-mediated translation required CS base pairing as 
predicted, the potential base pairing of the CS elements was disrupted by mutating each CS 
(mut 5’CS: CUCUCUCUG and mut 3’CS: CAGAGAGAG).  Alteration of either CS 
sequence reduced cap-independent translation significantly (mut 5’CS-DEN-3’BTE, DEN-
3’BTE-mut 3’CS), but had no effect on cap-mediated translation (capped DEN-mut 3’CS).  
The translation of the DEN-3’BTE-mut 3’CS RNA could be rescued either by the presence 
of a 5’ cap (capped DEN-3’BTE-mut 3’CS) or, most importantly, by combining the two CS 
mutants to restore base pairing (mut 5’CS-DEN-3’BTE-mut 3’CS).  In summary, the BTE, 
incapable of base pairing to the 5’ UTR, facilitates cap-independent translation of DEN 
reporter RNA from a 3’ position as long as the CS sequences, or their mutated version, were 
able to base pair to each other.   
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DISCUSSION 
The results presented here support our previous observation that translation activation 
by a 3’ cap-independent translation element involves at least two major steps (Guo et al., 
2001).  One is recruitment of translation initiation machinery onto the uncapped RNA, which 
may itself involve multiple steps, such as binding of translation factors to the 3’ element 
(Wang et al., 1997; Gazo et al., 2004).  Second is the long-distance interaction between the 3’ 
element and the 5’ UTR, to facilitate the delivery of the translation machinery to the 5’ 
proximal AUG.  Here we find that the translation machinery recruitment and long-distance 
kissing interaction are two independent events that together regulate translation via 5’ end-
dependent ribosome scanning.  
 
Structural constraints and mechanism of the long-distance kissing interaction.  The 
primary sequence of the kissing loops appears in part to determine the efficiency of the long-
distance interaction.  Some complementary sequences, UCUGA:UCAGA and the dengue 
virus cyclization sequences UCAAUAUGCC:GGCAUAUUGA, within the kissing loops 
were unable to support 3’ BTE-mediated cap-independent translation, even though MFOLD 
(Zuker, 2003) predicted that these kissing loops should remain intact (Fig. 2).  Neither of 
these mutations disrupted the core cap-independent translation activity of the BTE, as 
indicated by the ability of the BTE to function from the 5’ UTR (LIII-3, LIII-CS, Fig. 2C).  
We postulate that either non-Watson-Crick interactions affect the stability of the 
kissing interaction or base pairing is enhanced in a sequence-specific fashion by a host 
protein.  Interactions among bases flanking the Watson-Crick paired bases influence 
annealing of kissing stem-loops in HIV RNA dimerization (Mujeeb et al., 1998).  RNA 
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chaperone proteins are known to enhance base pairing of certain complementary RNAs 
(Moller et al., 2002; Wilusz & Wilusz, 2005).  However, structure probing data reveal that at 
least some measure of base pairing between BYDV kissing stem-loops can take place in 
absence of protein (Guo et al., 2001).  In contrast to the BTE-BCL interaction, the unrelated 
TBSV 3’ cap-independent translation enhancer sustained translation with extensive base 
changes as long as the sequence complementarity between 3’ and 5’ UTRs was retained 
(Fabian & White, 2004, 2006).  
We show here and previously (Guo et al., 2000) that the core cap-independent 
translation activity of the 3’ element does not require long-distance base pairing because the 
BTE functions in the 5’ UTR (Fig. 2).  This rules out any model in which the kissing 
interaction must form in order to recruit the ribosome.  However, it was not known whether 
the long-distance interaction requires that the sequence complementary to the 5’ UTR must 
be located within the context of the BTE.  The in vivo functional construct in which the BCL 
was altered to base pair to the LDFE – which is not part of the BTE – in the 3’ UTR (Fig. 
7B), and the ability of DEN UTRs to entirely replace BYDV sequences for the inter-UTR 
interactions (Fig. 8) clearly demonstrate that the long-distance base pairing interaction can be 
uncoupled from BTE structure and function.  While the 5’-complementary portion of the 
BTE, loop III, is not part of the core cap-independent translation function sequence (Fig. 2C, 
Fig. 8), integrity of the sequence and/or structure of the BTE appears necessary for its 
function in the natural 3’ UTR context both in vivo and in vitro (Fig. 2B, Fig. 7).  In the 
context of DEN UTRs, the 5’-3’ interaction that supported the BTE-mediated translation 
required base pairing between the cyclization sequences (Fig. 8).  The above-background 
level of translation from 5’ CS mutant RNA may result from fortuitous base pairing between 
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the mutant 5’ CS sequence (CUCUCUCUG) to a contiguous 6-base complementary 
sequence downstream of the 3’ CS (CAGAGA) (nts 10622-10627).  Note that the DEN 
UTRs facilitate circularization in the absence of mammalian proteins in a wheat germ extract, 
supporting observations that DEN RNA circularizes in the absence of any proteins (Alvarez 
et al., 2005b).  
  
The 5’ proximal stem-loop permits replication when serving as the BTE-
complementary loop.  It is significant that mutations in the infectious BYDV genome that 
force the 5’ proximal stem-loop, SL-A, to replace SL-D as the BCL still allow viral RNA 
replication (Fig. 6B).  The 5’ proximal stem-loop plays a key role in replication of many 
positive strand viral RNAs (Barton et al., 2001; Vlot & Bol, 2003), including members of the 
Tombusviridae (Ray et al., 2004) which resemble BYDV in many aspects (Miller et al., 
2002).  Either BYDV is exceptional in that its 5’ proximal stem-loop is not involved in 
replication, or (more likely) it tolerates the single base change that converted SL-A to a BCL 
and kissing by the BTE, and presence of associated translational machinery does not inhibit 
the role of SL-A, if any, in replication.   
In many other viruses that have 3’ cap-independent translation elements including 
BYDV-like luteoviruses, the 3’ element is predicted to base pair to the 5’ proximal loop on 
the viral RNA (Fig. 5A) (Miller & White, 2006).  Why then has BYDV evolved a 5’ BCL 
further downstream of the 5’ end?  Recent data suggest that the distal position of the 5’ BCL 
in BYDV genomic RNA allows selective regulation of translation in trans by BYDV 
subgenomic RNA2 (Shen et al., submitted for publication).  In the presence of subgenomic 
RNA2, translation of genomic RNA but not subgenomic RNA1 is inhibited (Wang et al., 
 56 
1999), suggesting that subgenomic RNA2 provides a switch from early to late gene 
expression.  The position of the BCL, which is naturally in the 5’ proximal stem-loop of 
sgRNA1 but at the 5’ distal stem loop of gRNA, determines the selectivity of this trans-
inhibition (Shen et al., submitted for publication).  An intriguing unanswered question is why 
moving the BCL to the 5’ end provides no translational enhancement in the absence of 
subgenomic RNA2. 
 
Requirement for ribosome scanning from the 5’ end of the RNA.  Cap-independent 
translation of other uncapped RNAs is almost universally mediated by internal ribosome 
entry, independent of the 5’ end (Hellen & Sarnow, 2001).  In contrast, we have several lines 
of evidence indicating that BTE-mediated cap-independent translation relies on 5’ end-
dependent scanning.  First, addition of a stable stem-loop at the extreme 5’ end of the RNA 
abolished BTE-mediated translation (Guo et al., 2001).  Secondly, addition of an upstream 
ORF in the BYDV 5’ UTR, out-of-frame with the main reporter ORF, inhibited translation 
initiation at the luciferase ORF start codon (Fig. 4) without hindering cap-independent 
translation of the uORF itself.  A third line of evidence is the inhibition of translation that 
resulted from addition of non-structured sequence (portions of the TMV omega sequence) to 
the extreme 5’ end of the RNA.  These results indicate that the distance of the 5’ end from 
the BCL is important.  Together the above results strongly support translation initiation 
requires ribosome scanning from the 5’ terminus of the uncapped RNA.  Using an indirect 
approach, in which replication of a defective viral RNA is the reporter for translation of a 
viral replication protein, Fabian and White (2006) recently discovered a similar 5’ end-
dependent scanning mechanism for the cap-independent translation of TBSV RNA.  The 3’ 
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translation enhancer of TBSV bears no resemblance to a BTE, but, like a BTE, must base 
pair to the 5’ UTR.  Thus, this unconventional translational mechanism may apply to all 3’ 
TE-bearing viruses. 
 
An oscillating kissing stem-loop model for ribosome delivery to the mRNA.  Based on 
the data presented here and what is known about 5’ end-dependent translation, we propose 
the following model in which the BTE mediates cap-independent translation by a cap-
dependent-like mechanism (Fig. 9).  First, the BTE binds translation initiation factors and/or 
the 40S ribosomal subunit.  Separately, the BCL-BTE long-distance kissing interaction 
brings the 3’ BTE in close proximity with the 5’ terminus of the RNA.  Base pairing may 
occur prior to, but is not required for, recruitment of the translation initiation complex.  The 
40S subunit may be recruited either to the BTE first, or directly to the 5’ end of the mRNA.  
In the former case, the recruited ribosome and associated factors would jump from the BTE 
to the 5’ end; in the latter case the recruited translation factors would be delivered, via the 
BCL-BTE kissing interaction, to the ribosome entering at the 5’ end.   
Although we cannot distinguish between these possibilities, the latter model is 
supported by observations that the 43S ribosomal complex alone is known to bind the 5’ end 
of uncapped mRNAs in the absence of any other initiation factors in vitro (Pestova & 
Kolupaeva, 2002; Jivotovskaya et al., 2006).  However, initiation factors are needed for 
scanning on structured 5’ UTRs (Pestova & Kolupaeva, 2002), and, with the exception of 
eIF4E, are essential for 5’ end-dependent translation of uncapped RNAs (Gunnery et al., 
1997; Tarun & Sachs, 1997; De Gregorio et al., 1998).  Initial binding of the ribosome only 
at the 5’ end also explains (i) why the BTE does not act as an IRES, and (ii) the low but 
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detectable level of in vitro translation of uncapped mRNAs containing the BF insertion in the 
BTE.  Binding of the ribosome to the 5’ end, followed by delivery of translation factors from 
the 3’ UTR resembles a model proposed by Gazo et al. (2004) for cap-independent 
translation mediated by the 3’ element in STNV RNA.  Although evidence of long-distance 
base pairing is lacking, there is direct evidence that the 40S subunit binds the STNV 5’ UTR 
(Browning et al., 1980) and that the 3’ element binds eIF4F (Gazo et al., 2004). 
Regardless of the mechanism of recruitment to the RNA, once the ribosome has 
entered the 5’ end of the mRNA, with associated factors it scans in the 3’ direction toward 
the start codon.  The scanning 43S complex must transiently disrupt the kissing interaction 
when it reaches the BCL, and then progress processively to the first start codon.  
Discontinuous scanning or shunting of the ribosome is unlikely because there is no specific 
sequence or structure in the 5’ UTR required for 3’ BTE-mediated translation, other than the 
BTE-complementarity sequence that is normally, but not necessarily (Fig. 3D), in a kissing 
stem-loop.  A natural example of a minimal 5’ UTR probably sufficient for interacting with a 
BTE, and which precludes a need for shunting, is provided by Tobacco bushy top virus RNA 
(TBTV, genus Umbravirus, (Mo et al., 2003).  The TBTV 5’ UTR is only 10 nt long and 
unstructured.  Five of these bases are complementary to a loop in the putative BTE within the 
TBTV 3’ UTR (Zhaohui Wang, personal communication).  In contrast, known examples of 
ribosome shunting in the 5’ UTR require specific secondary structures and upstream ORFs 
(Ryabova & Hohn, 2000).  Finally, it is important to note that the BTE-BCL interaction 
supported translation of the uORF even though the BCL was within the uORF (Fig. 4B).  
Thus, movement of the 80S ribosome through and downstream of the BCL occurs, allowing 
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efficient translation of the uORF.  All the above observations are inconsistent with a shunting 
mechanism during 5’ UTR scanning. 
The disruption of the long-distance base pairing by the scanning ribosome would 
temporally prevent the next ribosome from entering (or beginning to scan on) the RNA.  
According to our model, after the 43S complex passes the BCL, the stem-loop re-forms and 
the BTE rapidly re-pairs to the BCL to deliver more initiation factors to the next ribosome 
waiting at the 5’ end.  (As mentioned above, the BCL can function within an ORF, meaning 
it can function even between transient disruptions by elongating 80S ribosomes.)  The cycle 
of BCL disruption and re-formation would repeat continuously causing a structural 
oscillation of the kissing loop complex that regulates scanning of each 40S ribosome from 
the 5’ end.  This would be a novel means of regulating ribosome entry to viral RNA.  It 
resembles the model proposed for TBSV translation (Fabian and White, 2006), with the yet-
to-be resolved difference of where the ribosome is recruited to first.  Regardless of 
mechanistic details, control of translation by the 3’ UTR may allow viral proteins that 
interact with the 3’ UTR, such as the replicase to regulate (switch off) translation initiation at 
the 5’ end (see ref. Barry and Miller (2002) for a detailed model).  
 
The BTE as a sensor for long-distance RNA-RNA interactions.  Finally, the ability to 
separate long-distance base pairing interaction from core cap-independent translation 
function of the BTE may have a practical application.  Because dengue virus sequences 
entirely unrelated to BYDV in structure and function allow the BTE to mediate cap-
independent translation, 3’ BTE-mediated translation can be used as a functional bioassay to 
determine whether any RNA sequences or structures of interest are capable of interacting 
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across long-distances.  By simply placing the potentially interacting sequences of interest in 
opposite UTRs of a reporter gene, and fusing the BTE to the 3’ end of the 3’ UTR, one can 
test whether the sequences of interest interact by assessing the level of cap-independent 
translation conferred in wheat germ extract as in Fig. 8.  This would provide a rapid, 
quantitative bioassay to complement physical methods for detecting long-distance RNA-
RNA interactions.    
 
MATERIAL AND METHODS 
Plasmid constructs.  The BYDV reporter plasmids were derived from p5’UTR-LUC-TE869 
and pTE105-LUC (Guo et al., 2000), referred to here as LUC869 and 5’ BTE-LUC, 
respectively.  All mutations were generated by site-directed mutagenic PCR using two 
complementary primers with the designated mutations as described in (Guo et al., 2001).  For 
mutations within the 5’ UTR of the BYDV reporter plasmids, the mutated PCR fragment, 
spanning BYDV nts 1-142, was digested with Not I and BssHI, and cloned into NotI-BssHI 
digested pLUC869 or p5’BTE-LUC. For mutations within the 3’ UTR of BYDV reporter 
plasmids, the mutated PCR product, spanning BYDV nts 4809-5677, was digested with 
Acc65I and SmaI, and ligated into Acc65I-SmaI digested pLUC898 vector.   
The dengue virus reporter plasmids were derived from p5’DEN-LUC-3’DEN reporter 
construct (Holden & Harris, 2004). The DEN-BTE was cloned by ligating a PCR-generated 
product, spanning BYDV nts 4809-5045, digested with XbaI restriction sites introduced in 
the 5’ ends of the PCR primers, into XbaI-digested DEN vector. A SmaI restriction site was 
introduced at the 3’ end of the BYDV sequence for the linearization of the chimeric plasmid 
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for in vitro transcription. The mutations within the 5’ and 3’ cyclization sequence of the DEN 
reporter construct were performed as described by (You & Padmanabhan, 1999). 
All constructs were verified by automated sequencing at the Nucleic Acids Facility of Iowa 
State University on ABI377 sequencer (Applied Biosystems). 
 
In vitro transcription and in vitro translation.  All RNAs were transcribed in vitro from 
SmaI-linearized plasmids using the T7 Megascript kits for uncapped RNA and T7 Mmessage 
machine kits for capped RNA (Ambion).  The DEN reporter constructs without the 3’ BTE 
were linearized with XbaI prior transcription.   0.2 pmol of RNA transcripts were added to 
the wheat germ extract (Promega) in a final reaction volume of 12.5 µl and translated for 1 
hour at room temperature prior to luciferase readings.  1-5 µl of the translation reaction was 
added to 50 µl of the Luciferase Assay Reagent (Promega) and the luciferase activity was 
immediately measured on a Turner Designs TD-20/20 luminometer.  All experiments were 
performed in triplicate and repeated in at least three independent experiments.  For radio-
labeling of in vitro translated products, 10 µCi of 35S-labeled methionine was added to the 
translation reaction.  Total protein from the translation mix was separated on a precast 4-12% 
polyacrylamide gel (Invitrogen), which was then dried, exposed to a phosphor-imager screen 
for 24 hrs and scanned on a STORM 840 phosphorImager (Molecular Dynamics). 
 
In vivo translation.  Oat protoplasts were prepared from cell suspension culture as described 
(Dinesh-Kumar et al., 1992).  For transient expression assay, 1 pmol of the RNA transcript 
was electroporated in about 106 cells.  To normalize electroporation variation, we included 
0.1 pmol of capped, polyadenylated renilla RNA reporter construct as an internal control. 
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Luciferase activity was measured 4 hours after electroporation using the Promega Stop-N-
Glo system (Madison, WI).  First, the cells were harvested and resuspended in 50 µl of 
Passive lysis Buffer.  The cells were centrifuged for 10 min at 15,000 x g .  5-10 µl of the 
protoplast lysate supernatant were added to 50 µl of the Luciferase Assay Reagent II and the 
firefly luciferase activity was immediately measured on a Turner Designs TD-20/20 
luminometer.  Next, 50 µl of Stop-N-Glo buffer was added and the renilla luciferase activity 
was determined. For each sample, the measured firefly luciferase activity was normalized 
against the measured renilla luciferase activity. The relative luciferase activity of the wild 
type construct was defined as 100%. All experiments were performed in triplicate and 
repeated in at least three independent experiments.  
The functional mRNA half-life was approximated using the equation t1/2= P(∝) • ln2/aR0 
(Meulewaeter et al., 1998b), where P(∝) is the saturation level of LUC in relative light units 
(RLU), a is the slope (RLU/min) from the time point following the lag phase at which the 
first translation product is completed, and R0 is the initial RNA input.  Best fitting curves to 
the experimental data points were generated using GraphPad software. 
 
Northern blot analysis.  Total RNAs from protoplasts inoculated with 10µg of the full 
length BYDV RNA were extracted 48-hour post inoculation using Trizol reagent 
(Invitrogen) as per manufacturer’s instruction. RNAs were analyzed by Northern blot 
hybridization as described in (Koev et al., 2002).  A 32P-labelled probe complementary to the 
3’ terminal 1.5 kb of the full length viral RNA was used to detect the BYDV genomic and 
subgenomic RNA accumulation. 
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FIGURE LEGENDS 
FIGURE 1. A: Genome organization of BYDV. Open reading frames are numbered. Dashed 
arrows indicate subgenomic RNA (sg1, sg2, sg3) initiation sites.  The position of the stem 
loops A, B, C, D within the 5’ UTR of the genomic RNA, the sgRNA1 stem loop (SL) 
involved in base pairing with the BTE, and the BTE are shown.  B: Secondary structures of 
the 5’ kissing stem-loop SL-D, also referred as a BTE-complementary loop (BCL), sgRNA1 
SL (in shaded box), and the 3’ BTE. The arrow indicates the GAUC insertion in the 
BamHI4837 site (BTEBF) that inactivates cap-independent translation activity of the BTE.  
The italic bases in the BTE structure correspond to the 17-base tract highly conserved 
element in the luteovirus, necrovirus and dianthovirus BTEs. Bases in bold participate in the 
long-distance kissing stem-loops (dashed lines).  
 
FIGURE 2. Effect of covarying mutations in the kissing-loop sequence on BTE-mediated 
translation A. LUC869 luciferase reporter construct representing the BYDV gRNA with 
mutations within the kissing bases (boxed) of 5’ BCL (LD-3, LD-CS) and the BTE LIII 
(LIII-3, LIII-CS).  CS = cyclization sequences from dengue virus.  The mutated bases are 
shown in bold.  B. Relative luciferase activity in oat protoplasts (in vivo) and in wheat germ 
extract (in vitro) produced by the mRNAs containing the indicated mutations. C. Relative 
luciferase activity produced in wheat germ extract by the mRNAs containing the mutant 
BTE-SLIII in the 5’ UTR of the luciferase reporter (5’-BTE-LUC) with 15 nucleotides of 
non-viral sequence derived from pGEM3Zf(+) plasmid (Promega), as the 3’ UTR. 
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FIGURE 3. Effect of disruption and restoration of the stem portions of the kissing stem-
loops on the BTE-mediated translation.  A. LUC869 luciferase reporter constructs with the 
mutations within the stem portion of the BTE stem loop III. The mutated bases are shown in 
bold with the effect on base pairing indicated in the boxed regions.  B. Relative luciferase 
activity measured in vivo (grey bars) and in vitro (white bars) from the LUC869 RNAs 
containing the mutations in the stem of the BTE SL-III.  C. Relative luciferase activity in 
vitro measured from the mRNAs containing the mutant BTE stem III in the 5’ UTR context 
of the 5’ BTE-LUC luciferase reporter construct.  D. LUC869 construct with the mutation 
within the stem portion of the 5’ SL-D structure. The mutated bases are shown in bold with 
the effect on base pairing indicated in the boxed regions.  Relative luciferase activity of 
LUC869 constructs in vivo with the mutations within the stem portion of the 5’ BCL. 
 
FIGURE 4.  Effect of upstream AUG (uAUG) on BTE-mediated translation.  A. Out-of-
frame AUG (uAUG) was inserted upstream of the 5’ BCL.  The arrows indicate the position 
of the uAUG and LUC AUG within nts 74-177 of BYDV 5’ UTR.  The underlined bases 
indicate the complementary bases forming the stem portion of the 5’ BCL.  The kissing 
bases are in the open box.  The grey shading shows the sequence context of the upstream 
AUGs and the start codon of the luciferase gene.  The uAUG construct has the same 
sequence context as the LUC AUG.  In the Kozak uAUG construct, the uAUG is in the 
optimal context for initiation.  The presence of the uAUG creates a small ORF (uORF) of 29 
codons, which overlaps the 5’ end of the firefly luciferase coding-region (fLUC).  The 
amino acid residues of the uORF and part of the luciferase ORF are shown. B.  Relative 
luciferase activity of translation products of mRNAs containing the uAUG.  C. In vitro 
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translation assay of indicated constructs in presence of 35S-methionine.  Due to the presence 
of only one methionine residue in the uORF, the bottom panel was exposed at higher 
sensitivity using ImageQuant software to allow visualization of the uORF-encoded protein. 
 
FIGURE 5.  Effects of an alternative 5’ kissing loop interaction and its distance from the 5’ 
end of the RNA on the BTE-mediated translation.  A. The positions of the 5’ BCLs within 
the 5’ UTRs of Luteoviruses and some members of the Tombusviridae family, which bear a 
3’ translation element.  The sequences of the kissing bases are shown below the stem-loop.  
*Asterisks indicate predicted 5’ UTR stem-loops whose pairing to the 3’ element has not 
been demonstrated experimentally.  BYDV gRNA/sgRNA1: Barley yellow dwarf genomic 
RNA and subgenomic RNA1; BLRV*: Bean leafroll virus; MNeSV: Maize necrotic streak 
virus (Scheets & Redinbaugh, 2006); PMV*: Panicum mosaic virus (Batten et al., 2006); 
RCNMV*: Red chlorotic necrosis mosaic virus (Fabian & White, 2004); STNV*: Satellite 
tobacco necrosis virus (Meulewaeter et al., 1998a; Miller & White, 2006); SDV*: Soybean 
dwarf virus (Guo et al., 2001); TNV-A: Tobacco necrosis virus A (Meulewaeter et al., 
2004); TNV-D: Tobacco necrosis virus D (Shen & Miller, 2004); TBSV: Tomato bushy 
stunt virus (Fabian & White, 2004).  B. Schematic of the LUC 869 constructs with the 
extended 5’ UTR and relative luciferase activity measured from the mRNAs in vivo 
containing the indicated extensions.  The black lines outside of the dashed lines flanking the 
BYDV 5’ UTR represent inserted portions of the Ω sequence whose length is indicated in 
construct name at the left.  The sequence of the 63 nt repeat is: UAUUUUUACA 
ACAAUUACCA ACAACAACAA ACAACAAACA ACAUUACAAU UACUAUUUAC 
AAUUA.  Underline bases correspond to the +30 nt fragment. The +200nt extension 
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corresponds to an approximate triplicate of the 63 nts.  C.  Time course of luciferase 
synthesis (RLU) in protoplasts electroporated with the wild type RNA and the mutant RNA 
with the extended 5’ UTR (+5’-63nt mutant as shown in panel B).  Approximate functional 
half-lives were calculated as in Materials and Methods (Meulewaeter et al., 1998b).  D. 
Relocation of the 5’ BCL to the extreme 5’ end of the RNA.  The 5’ proximal SL-A loop 
was converted by a C16A mutation to have the 5 base complementary sequence to the BTE.  
The mutated bases are shown in bold.  The solid and dashed arrows indicate the natural and 
alternative predicted kissing loop interactions, respectively.  Relative luciferase activity 
measured in vivo from the mRNAs containing the indicated mutations.  The loops that are 
predicted to base pair to the BTE are shown in italics. 
 
FIGURE 6. Effect of the BCL mutations on the fulllength infectious BYDV RNA.  BYDV 
genomic RNA showing mutations in SL-A and/or SL-D.  Full-length genomic transcripts are 
named as in the reporter constructs (Fig 5) preceded by a v.  A. 35S-labeled methionine-
labeled in vitro translation products of indicated full length viral transcripts. The translation 
products of the full-length RNA are ORF 1 (39kDa) and ORF 1+2 (99kDa) resulting from -1 
ribosomal frameshifting.  B. Northern blots analysis revealing the accumulation of wild type 
and mutant viral RNAs in oat protoplasts 48hrs post-inoculation.  Mobility of sgRNAs 
accumulated during replication is indicated where visible.  
 
FIGURE 7.  Moving the 5’ UTR-complementary stem-loop outside of the BTE.  A. The 
long-distance frameshift element (LDFE) loop, located downstream of the BTE, was made 
complementary to the 5’ BCL (cLDFE, uLDFE). The BTE was altered (LIII-3) to prevent 
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base pairing to it by the 5’ BCL.  The mutated bases are indicated in bold in the boxed 
regions. The cLDFE was also moved upstream of the BTE at nt 4809 (uLDFE).  The solid 
and dashed arrows show the alternative and the natural long-distance interaction, 
respectively. Relative luciferase activity in vivo measured for the RNAs containing the 
indicated mutations.  The loops that are predicted to base pair to the 5’ BCL are indicated in 
italics.  B. Relative luciferase activity in vivo of the mRNA with altered SL-D loop.  The 
long-distance interaction is mediated by the BCL mutated to be complementary to the LDFE 
(cSLD). The mutated bases are shown in bold in boxed regions.  The loops that are predicted 
to mediate the long-distance interaction of the RNA are shown in italics. 
 
FIGURE 8.  The 3’ BTE mediates cap-independent translation of a reporter with dengue 
viral UTRs.  A. In the dengue viral reporter construct, the luciferase reporter gene is flanked 
by the dengue 5’ UTR with the first 72nt of the 5’ coding region of the capsid protein, and 
by the dengue 3’ UTR.  The complementary cyclization sequences (CS) the mutated 
versions (mut 3’CS), are shown in grey text.  The 3’ BTE with flanking bases from BYDV 
genome (nts 4809-5045) was inserted at the 3’ end of the dengue viral reporter construct.  B. 
Relative luciferase activity in wheat germ extract of the dengue viral reporter mRNAs 
containing a 5’ cap and/or the 3’ BTE where indicated.  The DEN-BTEBF is the same as 
DEN-3’BTE construct except that it harbors the BamHI-fill in mutation (BTEBF). DEN-
LIII-3 bears the 3-base change within the loop III of the BTE as shown in Fig 2.  
 
FIGURE 9. Proposed model for BTE-mediated recrutiment of the 40S ribosomal subunit 
and associated initiation factors to the 5’ end of the RNA by oscillation of the kissing stem-
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loop interaction.  Entry of the first 40S subunit(1) and long-distance kissing interaction are 
shown in panel A and B.  Base pairing may occur prior to, but is not required for, the 
recruitment of the translation machinery.  After the first ribosome enters to the 5’ end (B), it 
would disrupt the BCL during scanning (C) and prevent the kissing interaction.  As the first 
43S subunit continues to the AUG, the SL-D reforms and the second 43S subunit(2) is 
recruited (D).  As subsequent 43S subunits enter the RNA, the kissing stem-loop complex 
would continue to oscillate as shown in panels C and D.  Small circles represent translation 
initiation factors that interact with the BTE.  An alternative possibility is that the 40S subunit 
is recruited along with translation factors to the BTE.  Upon base pairing of the BTE to the 
BCL, the 43S complex would then jump from the BTE to the 5’ end where scanning would 
ensue as in panel C (see text for details). 
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CHAPTER 3: TRANS-REGULATION OF CAP-INDEPENDENT TRANSLATION BY 
A VIRAL SUBGENOMIC RNA 
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ABSTRACT 
Many positive strand RNA viruses generate 3’ co-terminal subgenomic mRNAs to allow 
translation of 5’-distal open reading frames.  Yet, it is unclear how viral genomic and 
subgenomic mRNAs compete with each other for the cellular translation machinery.  
Translation of the uncapped Barley yellow dwarf virus (BYDV) genomic RNA (gRNA) and 
subgenomic RNA1 (sgRNA1) is driven by the powerful cap-independent translation element 
(BTE) in their 3’ untranslated regions (UTRs).  The BTE forms a kissing stem-loop 
interaction with the 5’ UTR to mediate translation initiation at the 5’ end.  Here, using 
reporter mRNAs that mimic gRNA and sgRNA1, we show that the abundant subgenomic 
RNA2 (sgRNA2) inhibits translation of gRNA but not sgRNA1 in vitro and in vivo.  This 
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trans-inhibition requires the functional BTE in the 5’ UTR of sgRNA2, but no translation of 
sgRNA2 itself is detectable.  The efficiency of translation of the the viral mRNAs in the 
presence of sgRNA2 is determined by proximity to the mRNA 5’ end, of the stem-loop that 
kisses the 3’ BTE.  Thus, the gRNA and sgRNA1 have “tuned” their expression efficiencies 
via the site in the 5’ UTR to which the 3’ BTE base pairs.  We conclude that sgRNA2 is a 
riboregulator that switches off translation of replication genes from gRNA while permitting 
translation of structural genes from sgRNA1.  These results reveal (i) a new level of control 
of subgenomic RNA gene expression, (ii) a new role for a viral subgenomic RNA, and (iii) a 
new mechanism for RNA-mediated regulation of translation 
 
INTRODUCTION 
Recent years have brought an explosion in discoveries of RNAs that regulate gene expression 
(3, 33, 38, 56).  Many different types of non-coding RNAs post-transcriptionally regulate 
gene expression in trans (16).  These include microRNAs (miRNA), small interfering RNAs 
(siRNA), small nucleolar RNAs (snoRNA), small nuclear RNAs (snRNAs) and bacterial 
small RNAs (5, 8, 27, 33).  Trans-acting regulatory RNAs are also generated by viruses.  The 
non-coding Adenovirus virus-associated (VA) RNAs (34) and Epstein-Barr virus-encoded 
(EBER) RNAs  (7) interfere with host antiviral systems and permit efficient expression of 
late viral genes.  Epstein-Barr virus and other herpesviruses also generate microRNAs to 
downregulate the expression of host and viral genes (38, 44).  Red clover necrotic mosaic 
virus  (RCNMV) genomic RNA2 directs, in trans, the synthesis of subgenomic mRNA 
(sgRNA) from genomic RNA1 (52).  Flock house virus (FHV) sgRNA trans-activates the 
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replication of a viral genomic RNA (1, 15), which, in turn, down-regulates synthesis of the 
sgRNA (57).  Here we provide an example of a different kind of regulation, in which a viral 
RNA regulates translation of the other RNAs generated by the virus. 
 Many families of positive strand RNA viruses produce nested subgenomic mRNAs 
during infection (36, 43)  These sgRNAs have the same 3’ ends as genomic RNA, but have 
5’ truncations or deletions relative to the genomic RNA.  This places open reading frames 
(ORFs) that are 5’-distal on genomic RNA near the 5’ ends of sgRNAs, allowing the 
sgRNAs to serve as mRNAs for translation of these downstream ORFs.  Examples of viral 
pathogens that produce sgRNAs include Severe acute respiratory syndrome coronavirus 
(SARS CoV) (24), Equine arteritis virus (EAV) (53), Sindbis virus (17), Rubella virus (40), 
Tobacco mosaic virus (TMV) (20), Citrus tristeza virus (19) and Barley yellow dwarf virus 
(BYDV) (28, 29).  While the control and mechanism of synthesis of the subgenomic RNAs 
of these and related viruses has been studied (36, 43), little is known about how translation of 
the viral genomic and subgenomic RNAs is coordinated as they accumulate in the cell (17, 
40).  The competition among viral RNAs for the host translation machinery, and regulation 
of their translation is likely a key control point in viral gene expression necessary for a 
successful infection.  Here we provide evidence that translation of BYDV genomic RNA and 
a subgenomic RNA is regulated in trans by a second, specialized viral sgRNA.  
 BYDV, a major pathogen of wheat and other cereal crops (32), has a positive sense 
RNA genome of 5677 nts that encodes six ORFs (Fig. 1) (37).  Three 3’ co-terminal sgRNAs 
are generated in infected cells.  They are not encapsidated and thus are absent at the initial 
stage of infection.  SgRNA1 is the mRNA for the coat protein (CP) (ORF 3), putative 
movement protein (ORF 4), and a C-terminal extension of the coat protein required for aphid 
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transmission (ORF 5).  Highly abundant sgRNA2 harbors a small ORF (ORF 6) that encodes 
a predicted polypeptide of 4.3-7.2 kDa, depending on the isolate.  The sequence of ORF 6 is 
poorly conserved among BYDV isolates (9) and it is absent in other members of genus 
Luteovirus (13, 49).  The product of ORF 6 has not been detected in infected cells although 
sgRNA2 can be translated in vitro (55).  SgRNA3 comprises the 3’ terminal 332 nt of the 
BYDV genome (26).  It accumulates sporadically, encodes no ORF, and has no known 
function.  
BYDV genomic RNA (gRNA) and sgRNAs have no 5’ cap and no poly(A) tail (2).  
Highly efficient cap-independent translation of gRNA and sgRNA1 is conferred by a 100 nt 
BYDV cap-independent translation element (BTE) in the 3’ untranslated region (UTR) (22, 
54).  To recruit ribosomes or factors to the 5’ end of the viral RNAs where translation 
initiates, the 3’ BTE must base pair with the 5’ UTR (21).  The bridging of the 3’ and 5’ ends 
of the viral RNAs is facilitated by a kissing stem-loop interaction between the 3’ BTE and a 
5-base BTE-complementary loop (BCL) sequence present in the 5’ UTRs of both gRNA and 
sgRNA1 (21, 48). 
In addition to conferring cap-independent translation in cis, the BTE inhibits 
translation of viral genes and non-viral reporter genes in trans (54, 55).  In wheat germ 
extract, sgRNA2, which harbors the BTE at its 5’ end, trans-inhibits translation of gRNA 
more than that of sgRNA1 (55).  The inhibition does not require translation of ORF 6, but it 
requires a functional BTE in sgRNA2 (55).  Premature addition of sgRNA2 at the initial 
moment of infection strongly inhibits BYDV RNA accumulation (50).  Based on these data, 
the following trans-regulation model of gene expression was proposed (Fig. 1):  early in 
BYDV infection, only the replicase genes, ORF1 and ORF2 (translated as a fusion with 
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ORF1 by ribosomal frameshifting (4)), are translated via BTE-mediated cap-independent 
translation in cis.  Once replicase is produced, viral RNA is replicated, and gRNA and 
sgRNAs accumulate.  The highly abundant sgRNA2 would selectively inhibit translation of 
gRNA relative to sgRNA1 in trans.  Structural and movement proteins would then be 
preferentially translated from sgRNA1 and replicase expression would be shut off.  Thus, the 
BYDV viral life cycle would switch from an early to a late stage of gene expression (Fig. 1) 
(55).  Here we provide evidence that strongly supports that these events occur in virus-
infected cells.  Moreover, we show that the different translation efficiencies of the BYDV 
mRNAs in presence of sgRNA2 are determined by the proximity to the 5’ end of the mRNA 
of the stem-loop structure that base pairs to the 3’ translation element to allow cap-
independent translation.  These observations reveal a novel translational control mechanism 
by a trans-regulatory RNA and a new function for a viral subgenomic RNA.  
 
MATERIALS AND METHODS 
Plasmids and RNA constructs.  The full-length infectious clone of BYDV-PAV, pPAV6, 
was used for transcribing infectious BYDV genomic RNA (11). The sgRNA2 knockout 
mutant clone of BYDV-PAV, pPAV6ΔSG2, was described in (28) as SG2G/C. It differs 
from pPAV6 by a G to C mutation at position 4810, which prevents sgRNA2 synthesis. 
pSG2 and pSG2BF allow T7 transcription of sgRNA2 RNA and its mutant sgRNA2BF, 
respectively (55).  sgRNA2BF contains a GAUC duplication at the BamH I site (BF) of 
sgRNA2 that destroys the in vitro trans-inhibition function of sgRNA2 (55).   
Clone pGfLUC was described in (22) as p5’UTR-LUC-TE869-(A)60.  GfLUC is the 
gRNA reporter transcript derived from Sma I-linearized pGfLUC by in vitro T7 transcription. 
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It encodes the firefly luciferase ORF flanked by the UTRs of BYDV.  pRenilla-CP393 was 
cloned by replacing nts 2843-4565 of pPAV6 with the Renilla ORF of pRluc (Promega, 
Madison, WI).  pSG1rLUC was cloned by ligating the Bst1107 I-Bsm I fragment of pRenilla-
CP393 into Bst1107 I/Bsm I-cut pSG1 which was described previously (29). SG1rLUC is the 
sgRNA1 T7 transcript from Sma I-cut pSG1rLUC. It has the same 5’ UTR as sgRNA1 
except for the omission of 14 bases at the extreme 3’ end.  pSG1fLuc was constructed by 
replacing the 5’ UTR of pGfLUC with the 5’UTR of pSG1rLUC.  
PAV6-FLAG and sgRNA2-FLAG were constructed by inserting a FLAG-tag (amino 
acid sequence: D-Y-K-D-D-D-D-K) at the 3’end of ORF 6 in pPAV6 and pSG2, 
respectively. The FLAG-tag insert was created by a three step PCR approach by using 
primers bearing FLAG-tag and pSG1 as template as in (28).  The final PCR fragment was 
cloned into Acc65 I-Sma I digested pPAV6, or Not I-Sma I digested pSG2.  sgRNA2-LIII CS 
RNA was in vitro transcribed from a PCR-generated template corresponding to the sgRNA2 
sequence.  The PCR fragment was amplified using LUC 869-LIII-CS as template (48) and a 
forward primer bearing a T7 promoter sequence and a reverse primer corresponding to the 3’ 
end of sgRNA2.  
pA-GfLUC contained a C15A mutation in the loop of stem-loop A, and a GAC to 
CUG mutation within the loop of stem loop D (bases 105-107) (Fig. 5A). First, a BYDV 5’ 
UTR PCR fragment with a GAC to CUG mutation within the loop of the stem loop D was 
generated by three-step PCR and cloned into Not I-BssH I-digested pGfLUC. The obtained 
clone was then used as a PCR template to generate the additional C15A mutation.  pA-
GfLUC was then cloned by ligating the Not I-BssH I-digested PCR fragment into Not I-BssH 
I-cut pGfLUC.  pD-SG1fLUC contained a A10C mutation in the loop of stem-loop A and a 
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AGUUA to CUGACAA mutation of the loop of the stem-loop D (bases 111-115) (Fig. 5A).  
pD-SG1fLUC was generated by PCR-base mutagenesis of SG1fLUC cDNA using Gene 
Tailor Site-Directed Mutagenesis System (Invitrogen). 
All constructs were verified by automated sequencing at the Nucleic Acid Facility of 
Iowa State University.  
 
In vitro transcription and translation.  All RNAs were synthesized by using T7 
MegaScript kits for uncapped RNA or T7 Mmessage machine kits for capped RNA (Ambion, 
Austin, TX) as per manufacturer’s instructions. Prior to transcription, all constructs were 
linearized either with Sma I to generate the same 3’ end as the viral RNA, or with VspI to 
include a 60 nt 3’ poly(A)-tail.  In vitro translation in wheat germ extract (Promega), and 
luciferase assay were performed as in (50).  0.2 pmol of the reporter RNA transcripts, with 
the indicated molar ratio (fold excess) of sgRNA2 or sgRNA2BF transcripts to reporter 
RNA, were added to the wheat germ translation system with a final reaction volume of 25 µl 
and translated for 1 hour at 25°C prior to luciferase reading. All luciferase assays were 
performed in at least three independent experiments, each of which was conducted in 
duplicate or triplicate.  
 
Western immunoblot.  Western blot was performed as the Amersham Pharmacia Biotech 
protocol. Total protein from inoculated protoplasts was separated on a 10% polyacrylamide 
gel and transferred to a PVDF membrane. After blocking overnight with phosphate buffered 
saline-Tween buffer (PTB) containing 5% dried low-fat milk, the membrane was incubated 
with the primary anti-FLAG antibodies (Sigma, St Louis, MO) in a 1:25000 dilution in PBS-
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Tween buffer for 2 hours, with a 1:600 dilution of fluorescein-conjugated secondary 
antibodies for 1 hour, then with a 1:2500 dilution of alkaline phosphatase-conjugated anti-
fluorescein antibodies for another hour. The membrane was washed three times with PTB 
after each incubation. After the final incubation with attophose substrate with a volume of 
24ul/cm2 for less than 20 minutes, the membrane was air dried and scanned on a STORM 
840 chemi-luminescence imager (Molecular Dynamics).   
 
In vivo translation.  Oat protoplasts were prepared and electroporated with RNA as 
described (12). For the two-step electroporation method, the voltage was reduced to 280V.  
For the in vivo translation assay of SG2fLUC reporter construct, we included a capped, 
polyadenylated Renilla luciferase reporter RNA as an internal control to normalize 
electroporation variation. The Renilla luciferase ORF was flanked by the 5’ and 3’ UTRs of 
the firefly luciferase gene from pGEMLUC (Promega).  Luciferase activity was measured 4 
hours after electroporation.  
In the 2-step electroporation, oat protoplasts were inoculated with 1 pmol of 
infectious BYDV PAV6 or PAV6ΔGS2 RNA and incubated for 24 hours at room 
temperature prior to the second electroporation to allow viral replication and sgRNA 
accumulation.  When transfected directly with the non-replicative sgRNA2 or sgRNA2BF 
RNA transcripts, the cells were incubated for 4 hours prior to the second electroporation.  In 
the second step, protoplasts were inoculated again with 1-2 pmol of GfLUC (A-GfLUC), 
SG1rLUC, or both, as indicated.  In all cases, firefly luciferase and Renilla luciferase were 
analyzed 4 hr after the second electroporation as in (51), and the Promega Stop-N-Glo™ 
(Madison, WI) system was used to assay both luciferase activities.   
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Northern blot analysis.  Total RNAs were extracted from oat protoplasts 24hpi by using 
Trizol reagent (Invitrogen, Carlsbad, CA) as per manufacturer’s instructions.  RNAs were 
then analyzed by Northern blot as in (29).  A 32P-labeled probe complementary to the 1.5 kb 
3’ end of BYDV-PAV genome RNA was used to detect BYDV gRNA and sgRNAs (29).  
 
RESULTS 
Like the actual BYDV RNAs, reporter constructs representing gRNA and sgRNA1 are 
differentially inhibited by sgRNA2 in trans.  To test the selective inhibition of translation 
hypothesis diagrammed in Fig. 1, we designed reporter constructs that allow efficient 
detection of translation from both gRNA and sgRNA1 in vivo.  We replaced the viral coding 
regions with different luciferase genes that can be assayed in the same tube (Promega Dual 
Luciferase® reporter assay).  The reporter construct representing gRNA, GfLUC, encodes 
the firefly luciferase ORF flanked by the BYDV genomic 5’ and 3’ UTRs (Fig. 2A).  The 
reporter construct representing sgRNA1, SG1rLUC, contains the Renilla luciferase ORF in 
place of ORFs 3, 4 and most of ORF 5.  The 5’ UTR of SG1rLUC contains BYDV nts 2670-
2842, giving it the same 5’ terminus as sgRNA1.  To determine the validity of these two 
reporter constructs to represent gRNA and sgRNA1, we tested whether GfLUC and 
SG1rLUC RNAs behave the same as gRNA and sgRNA1 in the presence of sgRNA2 in 
wheat germ translation experiments (55).  When added to translation reactions containing 
either GfLUC or SG1rLUC mRNA, sgRNA2 inhibited GfLUC translation more than it 
inhibited SG1rLUC translation, and this difference increased as the molar ratios of 
sgRNA2/GfLUC or sgRNA2/SG1rLUC increased (Fig. 2B).  The negative control, 
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sgRNA2BF did not inhibit translation of either reporter RNA (Fig. 2B).  sgRNA2BF differs 
from sgRNA2 only by a GAUC duplication in the BamHI4837 site in the BTE.  This mutation 
abolishes both cap-independent translation in cis and inhibition of translation in trans (2, 54).  
To determine whether the firefly or Renilla luciferase ORFs affected differences in 
translation efficiency in the presence of sgRNA2, we constructed sgRNA1 reporter 
SG1fLUC that differs from GfLUC only in the 5’ UTR (Fig. 2A).  SG1fLUC and SG1rLUC 
behaved indistinguishably in the presence of sgRNA2 (Fig. 2C).  Thus, neither the coding 
regions nor the different lengths of 3’ UTR account for the differential effects of sgRNA2 on 
translation of GfLUC vs. SG1rLUC.  
  To more closely mimic the natural infection, gRNA reporter GfLUC, sgRNA1 
reporter SG1rLUC, and sgRNA2 were mixed simultaneously in the same wheat germ 
translation reaction at different ratios.  Again, sgRNA2 inhibited translation of GfLUC much 
more than that of SG1rLUC (Fig. 2D).  The difference in translation inhibition by sgRNA2 
of GfLUC and SG1rLUC reporters was greater when GfLUC, SG1rLUC, and sgRNA2 were 
added together in the same translation reaction (compare Figs. 2B and 2D).  The 
GfLUC/SG1rLUC (gRNA/sgRNA1) expression ratio decreased as sgRNA2 concentration 
was increased (Fig. 2E).  These results resemble previous observations when gRNA, 
sgRNA1, and sgRNA2 were all added to a wheat germ translation extract at ratios 
approximating those in infected cells.  In that experiment, gRNA was inhibited by 99% while 
sgRNA1 was inhibited by only 65%, allowing it to remain a relatively efficient message (55).  
Thus, the reporter RNAs provide valid representation of translation of the actual viral RNAs 
in the presence of sgRNA2.  Importantly, these results also reveal that no ORFs or gene 
products of gRNA or sgRNA1 are necessary for the differential inhibition of translation. 
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Differential inhibition of GfLUC and SG1rLUC translation in virus-infected cells.  
Having validated that reporter constructs GfLUC and SG1rLUC translate like gRNA and 
sgRNA1 in the presence or absence of sgRNA2 in vitro, we tested the trans-regulation model 
in oat protoplasts by measuring the translation efficiencies of the two reporter constructs in 
the presence of replicating BYDV RNA.  We employed a 2-step electroporation method (Fig. 
3A) (50).  First, oat protoplasts were transfected by electroporation with the infectious 
transcript of the BYDV genome, PAV6, or with transcript PAV6ΔSG2.  PAV6ΔSG2 RNA 
has a G4810C point mutation that prevents sgRNA2 synthesis, but still permits genomic 
RNA replication (28).  After 24-hour incubation to allow viral replication and sgRNA 
accumulation (Fig. 3B), protoplasts were electroporated again, this time with GfLUC or 
SG1rLUC reporter RNAs.  Then after another 4-hour incubation to allow translation of these 
RNAs, firefly luciferase and Renilla luciferase activities were measured (Figs. 3C, D).   
Both wild type and mutant BYDV genomes accumulated to similar levels in 
protoplasts, with the conspicuous absence of sgRNA2 in protoplasts infected with 
PAV6ΔSG2 (Fig. 3B).  After the second electroporation to introduce reporter mRNA, we 
observed that presence of replicating PAV6 RNA caused nearly an 80% drop in translation of 
gRNA reporter GfLUC, compared to uninfected cells, but caused only a 20% reduction in 
translation of sgRNA1 reporter SG1rLUC (Fig. 3C, PAV6).  In cells transfected with 
PAV6ΔSG2 RNA, translation of GfLUC and SG1rLUC (Fig. 3C, PAV6ΔSG2) was reduced 
by only 40% and less than 5%, respectively.  Thus, infection with PAV6ΔSG2 (which makes 
no sgRNA2) inhibited translation of GfLUC less than did wild type PAV6 RNA.   
 When GfLUC and SG1rLUC were co-electroporated in the second step, in cells 
previously transfected with PAV6 RNA, GfLUC translation dropped by 88%, while 
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translation of SG1rLUC actually increased slightly, compared to uninfected cells (Fig. 3D, 
PAV6). SG1rLUC translated at least ten times more efficiently than GfLUC relative to 
uninfected controls.  Thus, the differential inhibition effect of the replicating PAV6 on 
translation of GfLUC and SG1rLUC was greater when both reporter RNAs were present 
simultaneously.  PAV6ΔSG2 had a less inhibitory effect on translation of GfLUC than did 
wild type PAV6 infection (Fig. 3D, PAV6ΔSG2), strengthening the concept that sgRNA2 is 
the major influence on the differential inhibition of GfLUC and SG1rLUC translation.  The 
40% inhibition of GfLUC translation in the presence of replicating PAV6ΔSG2 likely results 
from the presence of the BTE at the 3’ ends of gRNA and sgRNA1, which being much less 
abundant than sgRNA2 would be expected to inhibit reporter gene expression to a lesser 
extent, as observed.  
 
BYDV sgRNA2 alone selectively trans-inhibits translation in vivo.  It is possible that the 
differential inhibition of reporter gene expression in infected cells is controlled by viral 
proteins or by host proteins whose expression or function is affected by viral infection, as 
well as by sgRNA2.  To avoid the complicating effects of a viral infection, we observed 
effects of sgRNA2 or sgRNA2BF RNAs alone on GfLUC or SG1rLUC translation in cells in 
another 2-step electroporation assay.  Oat protoplasts were first electroporated with either 
sgRNA2 or sgRNA2BF transcripts, or mock-transfected.  Four hours later, the same 
protoplasts were electroporated with GfLUC and SG1rLUC RNAs.  Both luciferase activities 
were measured after another 4-hour incubation to allow translation of the reporter RNAs.  In 
cells pre-electroporated with sgRNA2, GfLUC translation dropped by 70%, compared to that 
in cells initially mock-transfected or pre-electroporated with sgRNA2BF (Fig. 4).  In 
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contrast, the presence of sgRNA2 caused only a 10% reduction in translation of SG1rLUC 
RNA.  These data show that sgRNA2 alone is sufficient to mediate selective trans-inhibition 
of gRNA.  It requires a functional BTE, but does not require viral replication or infection in 
vivo.  
 
The mechanism of trans-inhibition does not rely on base pairing of the BTE to the 5’ 
UTR of gRNA.  A possible mechanism of trans-inhibition is base pairing of loop III of the 
BTE in sgRNA2 with the BTE-complementary loop (BCL) in the 5’ UTR of the gRNA, and 
effectively competing with the kissing between the BTE and BCL that occurs in cis to 
facilitate cap-independent translation.  To test this hypothesis, we observed the trans-
inhibition of translation of the gRNA in wheat germ extract by a mutant sgRNA2 containing 
a different sequence in loop III of the BTE that bears no complementarity to the 5’ UTR of 
gRNA.  BTE loop III in sgRNA2 was changed from UGUCA to GGCAUAUUGA 
(sgRNA2-LIII-CS), and is not complementary to the UGACA in the BCL or any other 
sequence within the gRNA.  sgRNA2-LIII-CS trans-inhibited translation of GfLUC as 
efficiently as wild type sgRNA2 (Fig 5).  In a reciprocal experiment, sgRNA2 with the BF 
mutation (Fig. 2) did not inhibit in trans even though it retains complementarity to the gRNA 
5’ UTR.  Thus, the trans-inhibition effect of sgRNA2 does not rely on base pairing to the 
mRNA that it inhibits. 
 
The 5’ UTRs of gRNA and sgRNA1 determine the differential trans-inhibition effect.  
The previous results led us to wonder what property of the viral RNA determines the 
differential inhibition.  Because neither the ORFs, nor the 3’ UTRs affect inhibition by 
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sgRNA2 (Fig. 2C), we conclude that features of the different 5’ UTRs determine the ability 
to be inhibited in trans.  A striking difference between the two 5’ UTRs is that the BCL is in 
the 5’ proximal stem-loop in sgRNA1, but in the fourth stem-loop (SL-D) from the 5’ end in 
the gRNA (Fig. 6A).  The loop of SL-D is located 104-109 nt from the 5’ end of the gRNA, 
whereas the sgRNA1 BCL is just ten nt from the 5’ end of its RNA (sg1SL-A, Fig. 6A).  To 
determine the effect of the distance of the BCL from the 5’ end on cap-independent 
translation in the presence of sgRNA2, we engineered GfLUC so that the 5’-proximal stem-
loop of its 5’ UTR (SL-A) was able to kiss (base pair to) the BTE, and the natural kissing 
bases of SL-D were mutated so that it could no longer interact with the 3’ BTE (Fig. 6B).  
This construct, A-GfLUC, translates at a similar efficiency as GfLUC (48).  To determine 
whether this relocation of the BCL to the 5’ proximal stem-loop of the gRNA influences the 
selectivity of trans-inhibition by sgRNA2, we tested the translation efficiency of A-GfLUC 
relative to GfLUC and SG1fLUC in the presence of sgRNA2 in wheat germ extract (Fig. 
6C).  A-GfLUC behaved similarly to SG1fLUC in the presence of various ratios of excess 
sgRNA2 and thus was inhibited less by sgRNA2 than was GfLUC (Fig. 6C).  
To examine in vivo the effect of relocating the kissing loop, the two-step 
electroporation assay was performed (Fig. 6D).  The wild type (GfLUC) or the modified (A-
GfLUC) genomic reporter transcripts were co-electroporated with SG1rLUC RNA in cells 
previously transfected with sgRNA2 or sgRNA2BF, and the translation efficiencies of both 
reporter RNAs were compared.  While the GfLUC translation was inhibited by more than 
70% in the presence of sgRNA2, translation of A-GfLUC and SG1fLUC dropped by only 
25% and 10%, respectively, compared to mock-transfected cells (Fig. 6D).  Thus, unlike the 
in vitro result (Fig. 6C), A-GfLUC was slightly more susceptible than SG1rLUC to sgRNA2 
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trans-inhibition effect in vivo.  Most importantly, A-GfLUC was inhibited far less than 
GfLUC, from which it differs by only four base changes in the 5’ UTR that allow the BTE to 
base pair to stem-loop A and not stem-loop D.  As expected, sgRNA2BF had little or no 
inhibitory effect on translation of any of the reporter RNAs in vitro or in vivo (Fig. 6).   
To further analyze the effect of the position of the BCL on selective trans-inhibition 
by sgRNA2, we moved the BCL of SG1fLUC 100 nt downstream to the fourth stem-loop 
(sg1SL-D, Fig. 6A) from the 5’ end (construct D-SG1fLUC, Fig 6B).  We tested the 
translation efficiency of D-SG1fLUC relative to SG1fLUC and GfLUC in presence of 20-
fold excess sgRNA2 and sgRNA2BF in wheat germ extract (Fig. 6E).  While the 5’-distal 
position of the BCL in D-SG1fLUC did not affect cap-independent translation in the absence 
of sgRNA2, D-SG1fLUC was inhibited to a level similar to that of GfLUC in the presence of 
sgRNA2.  As expected, sgRNA2BF did not inhibit translation of either reporter RNA (Fig. 
6E).  Taken together, the effects of moving the BCL in either gRNA reporters or sgRNA1 
reporter demonstrate that the proximity of the kissing loop to the 5’ end of the RNA is the 
major determinant of susceptibility to inhibition of translation by sgRNA2.  
 
Lack of a role for sgRNA2 as a messenger RNA.  We next determined whether sgRNA2 
functions as an mRNA in cells.  SgRNA2 encodes a small, poorly conserved ORF (ORF 6) 
that is translatable in vitro (55).  Unlike gRNA and sgRNA1, sgRNA2 harbors the BTE in its 
5’ UTR.  No significant sequence complementarity between the 3’ and 5’ UTRs is predicted 
in sgRNA2.  Thus, the sgRNA2 is unlikely to be circularized by 5’-3’ base pairing.  Because 
circularization of eukaryotic mRNAs is generally required for efficient translation in vivo but 
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not in vitro (35, 45), we speculated that sgRNA2 may not be translatable in vivo (in 
protoplasts).   
To test translatability of sgRNA2 in vivo, we fused a FLAG-tag to ORF 6 and 
attempted to detect the P6-FLAG fusion using anti-FLAG antibodies (Fig. 7A).  In 
immunoblots of total protein from cells inoculated with the infectious transcript of BYDV 
genome bearing the FLAG-tag fusion (PAV6-FLAG), no protein corresponding to P6-FLAG 
was detected (Fig. 7B), despite the production of abundant sgRNA2 by the PAV6-FLAG 
virus (Fig. 7C).  To determine whether ORF 6 could be translated directly from sgRNA2 in 
the absence of viral replication, transcript corresponding to sgRNA2 with a FLAG-tag 
(sgRNA2-FLAG) was electroporated into oat protoplasts.  As a positive control, this RNA 
was translated in vitro and P6-FLAG was detected by western blot (Fig. 7B).  The 
immunoblot of total protein from protoplasts electroporated with sgRNA2-FLAG revealed no 
detectable P6-FLAG, even after varied times of sample collection, long exposures or heavy 
gel loading (Fig. 7B and data not shown).  Thus, sgRNA2 is either not translated, or its 
product (P6) is highly unstable in cells.  To test the latter possibility, the in vitro translation 
product of sgRNA2-FLAG was spiked in an extract of uninfected cells prepared by the same 
method that was used for attempted detection of P6-FLAG from electroporated cells.  Cell 
extract affected mobility of in vitro-translated P6-FLAG, but P6-FLAG was clearly stable 
enough to be detected (Fig. 7B).  Thus, the cell extract does not degrade FLAG-tagged P6 
significantly.  
 A second approach to determine translatability of sgRNA2 in vivo was to fuse ORF 6 
to a luciferase ORF and measure luciferase expression in protoplasts.  The 1800 nt ORF 6-
LUC fusion rendered the full-length transcript PAV6 non-infectious, so we examined 
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translation of a transcript representing sgRNA2 containing the ORF6-fLUC fusion 
(SG2fLUC) in cells directly.  No luciferase activity was detected in cells transfected with the 
SG2fLUC transcript that resembled sgRNA2 by lacking a 5’ cap and a 3’ poly(A) tail (- cap, 
- poly A, Fig. 7D).  Only the addition of a cap (+ cap, - poly A), or both a cap and a poly (A) 
tail (+ cap, + poly A), rendered SG2fLUC translatable in vivo (Fig. 7D), indicating that 
sgRNA2 does not translate cap-independently in vivo.  Taken together, the findings above are 
consistent with a lack of a role for sgRNA2 as a messenger RNA.  
 
DISCUSSION 
BYDV sgRNA2 is a riboregulator that preferentially trans-inhibits translation of gRNA 
versus sgRNA1 in vitro and in vivo.  Previously we reported that sgRNA2 is a riboregulator 
of viral gene expression and that premature presence of sgRNA2 inhibits BYDV replication 
(50).  Here we demonstrate that its mechanism of action is via selective inhibition of 
translation of BYDV genomic RNA.  Reporter ORFs can replace viral ORFs in gRNA and 
sgRNA1 and both reporter RNAs respond the same as viral gRNA and sgRNA1, 
respectively, in the presence or absence of sgRNA2 in vitro (Fig. 2 and Wang et al., 1999).  
This leads to the noteworthy conclusion that neither BYDV coding sequences, nor the protein 
products of the coding regions are necessary for the selective trans-inhibition of translation.  
This allowed us to discover that BYDV sgRNA2 trans-inhibits translation of gRNA, but has 
little or no effect on translation of sgRNA1 in vivo (Figs. 3 and 4).  Trans-inhibition depends 
on the functional BTE in sgRNA2, as illustrated by the inability of sgRNA2BF, which differs 
from sgRNA2 by only a four base duplication in an essential region of the BTE, to trans-
  
100 
inhibit translation (Figs. 2-6).  In contrast, trans-inhibition does not involve base pairing 
between the BTE of sgRNA2 and the 5’ UTR of the BYDV reporter RNAs (Fig. 5).   
 Interestingly, the difference in inhibition by sgRNA2 on translation of gRNA and 
sgRNA1 reporters was greater in vivo than in vitro.  Moreover, these differences were 
augmented when GfLUC, SG1rLUC, and sgRNA2 were all present simultaneously in vitro 
and in vivo (compare Fig. 2B and 2C, Fig. 3C and 3D).  This mixture most closely mimics 
natural infection and reveals a level of gene regulation in which BYDV RNAs are well 
coordinated. 
 
A new mechanism of subgenomic mRNA gene expression control.  The data strongly 
support the trans-regulation model in figure 1: early in BYDV infection, when sgRNAs are 
absent, only ORF1 and ORF2 (replicase genes) are translated via BTE-mediated cap-
independent translation to express the RNA-dependent RNA polymerase.  This in turn 
replicates viral genomic RNA, and generates sgRNA1 and particularly large amounts of 
sgRNA2 (Fig. 3B).  The abundant sgRNA2 trans-inhibits translation of gRNA only.  Unlike 
in wheat germ extract, where sgRNA1 was inhibited somewhat, but to a lesser extent than 
gRNA, sgRNA1 translation was inhibited only very slightly or not at all in vivo.  Thus the 
expected large quantity of coat protein can be translated from sgRNA1 as the viral life cycle 
enters a later stage.  This model predicts that presence of abundant sgRNA2 at the moment of 
inoculation would block virus replication by prematurely preventing translation of the 
polymerase, and indeed that was observed previously (50). 
We now conclude that there are at least two levels of temporal control of viral gene 
expression via subgenomic mRNAs.  First and foremost is synthesis of the subgenomic 
  
101 
RNAs.  They are absent initially, thus only ORFs 1 and 2 can be translated early in infection 
from gRNA.  sgRNA1 synthesis positively controls expression of ORFs 3, 4 and 5.  The 
trans-regulation of translation by sgRNA2 provides the second level of control.  It acts 
negatively to turn off translation of gRNA, favoring translation of sgRNA1 only.  Not only 
does this control the level of RdRp produced, we propose that this selective trans-inhibition 
could also free gRNA of ribosomes, making it available for replication and encapsidation. 
Note that shut-off of gRNA translation by sgRNA2 is not absolutely required for 
RNA replication in protoplasts, as indicated by the accumulation (at 24 hpi) of viral RNAs in 
isolated protoplasts inoculated with mutant BYDV RNA (PAV6ΔSG2). Thus sgRNA2 may 
serve as a fine-tuning device to maximize replication, and/or its effects may be seen more 
clearly later in infection or in whole plants where CP and movement proteins are necessary.  
 
The proximity of the kissing stem-loop in the 5’ UTR to the 5’ end determines 
sensitivity to translation inhibition by sgRNA2.  The ability of gRNA and sgRNA1 to be 
differentially inhibited by sgRNA2 is attributable to their different 5’ UTRs (Fig. 2C).  Thus 
neither the reporter gene, nor the distance of the BTE from the 5’ UTR affected efficiency of 
translation in the presence of sgRNA2.  In contrast, the mutations that alter the location of the 
BCL relative to the 5’ end did change the response of the reporter RNA to sgRNA2 (Fig. 6).  
The favored translation of sgRNA1 over gRNA in the presence of sgRNA2 may be 
explained by different structures of the 5’ UTRs per se, or by differential affinity for a host 
factor.  The positive correlation of proximity of the 5’ UTR kissing stem-loop to the 5’ end 
and competitiveness of the mRNA in the presence of sgRNA2 (Fig. 6) support a simple 
scanning efficiency mechanism.  Given evidence that BTE-mediated translation requires 5’ 
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end-dependent ribosome scanning (21), a longer distance between the 5’ terminus and the 
BCL may hinder recruitment of translation components by the BTE to the 5’ end, in the 
presence of the competing sgRNA2 (48).   
 Selective translational control by viral 5’ UTRs in cis has been observed in other 
viruses.  For example, subgenomic RNA 4 of Brome mosaic virus (BMV) has a translational 
competitive advantage over the other three viral RNAs (46).  The 5’ UTR of the coat protein-
encoding sgRNA of Turnip crinkle virus (TCV) mediates translation more efficiently than 
the gRNA 5’ UTR (47).  This is not surprising, because the coat protein is needed and 
expressed at orders of magnitude greater levels than the replication proteins translated from 
the gRNA.  The 5’ UTRs of influenza virus mRNAs (18, 41), and the 5’ end of the capsid 
ORF of Sindbis virus subgenomic mRNA (17) mediate selective translation of viral mRNAs 
when translation of host mRNAs is shut off.  In contrast to the above RNAs, BYDV sgRNA 
translation is regulated in trans. 
A role for viral proteins in selective translation of BYDV sgRNA1 in the presence of 
sgRNA2 has been ruled out, but host proteins may participate, as is the case for other viruses 
that use different mechanisms to control translation.  The 5’ UTR of BMV RNA 2 confers a 
specific requirement for host translation factor DED1 in yeast (39).  Cellular protein GRSF-1 
participates in selective translation of influenza virus mRNAs (25, 42).  With the exception 
of TCV, all the above translation regulation involves capped viral mRNAs.  In contrast, the 
selective translation mediated by BYDV 5’ UTRs is between two uncapped mRNAs 
dependent on a 3’ cap-independent translation element, and is mediated by a third viral RNA 
(sgRNA2).  
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Potential mechanism(s) of trans-inhibition of translation of gRNA by sgRNA2.  
Regulatory RNAs inhibit gene expression by at least two mechanisms.  One mechanism is by 
base pairing of the regulatory RNA to the target RNA(s) to block translation or to recruit 
inhibitory protein(s) to the target RNA(s).  Examples include the miRNAs, siRNAs, and 
bacterial small RNAs (8, 33, 38).  This mechanism is unlikely for trans-inhibition by BYDV 
sgRNA2 because the sequence within the BTE of sgRNA2 that is complementary to the 5’ 
UTR of the gRNA is not necessary for its trans-inhibition activity (Fig. 5).  Moreover, it 
stimulates translation in cis, and also it trans-inhibits translation of nonviral mRNAs to 
which it has no sequence homology (54, 55).  
The more likely mechanism is that BYDV sgRNA2 is a molecular decoy that 
competes for translation initiation factors.  In support of this, addition of eukaryotic 
translation initiation factor 4F (eIF4F) restored translation of mRNA in extracts inhibited by 
addition of BTE RNA (54).  Indeed, recently eIF4F has been found to interact directly with 
the BTE and not with the nonfunctional mutant with the filled BamHI site (Kneller et al., in 
preparation).  Thus, eIF4F binding correlates with the trans-inhibition function.  It is highly 
unlikely that translation of sgRNA2 is necessary for its function.  Not only is no translation 
product detectable (Fig. 7), but mutant sgRNA2 containing a frameshift mutation that 
disrupts ORF 6 still selectively inhibited translation of gRNA in vitro (55).   
Other trans-regulatory RNAs from viruses have very different functions.  RCNMV 
RNA2 has a 34nt trans-activator sequence, which is required for transcription of sgRNA 
from RNA1 (52) and for encapsidation (6).  This trans-activator base pairs to RNA1 to 
facilitate sgRNA synthesis.  FHV sgRNA3, not its translation product, trans-activates 
replication of viral genomic RNA2 (14, 15), which then down-regulates synthesis of sgRNA3 
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from genomic RNA1 (57).  EBV EBER RNAs may function similarly to VA RNAs in 
blocking the host PKR-mediated antiviral response because they can rescue replication of 
adenovirus lacking VAI RNAs (7, 10).  The herpesvirus microRNAs downregulate both viral 
and host gene expression at different stage of the viral infection (38, 44).  Among the above 
viral regulatory RNAs, VA RNAs, EBER RNAs, and most likely BYDV sgRNA2, are not 
mRNAs.  Others function as both a coding RNA and a non-coding regulatory RNA. 
It remains to be investigated whether other viruses employ this type of selective, 
negative regulation of translation.  Competitive inhibition of translation among RNAs of 
other multi-RNA viruses has been observed primarily in vitro (30, 31, 46). The RNA 
elements that confer translational competitiveness of viral subgenomic RNAs have been 
mapped to both the 5’ (17, 31, 40) and 3’ (23) UTRs.  However, the (i) selective trans-
inhibition of translation of one viral RNA but not another, (ii) trans-inhibition of cap-
independent translation, and (iii) inhibition by an apparently non-translated RNA all are 
properties that so far are known only in BYDV infection.  It will be particularly interesting to 
know whether other viruses that generate multiple subgenomic mRNAs, such as SARS CoV 
and other members of the Nidovirales, or the Closteroviridae are also controlled by a 
subgenomic RNA in trans.  By extension, it is possible that a host mRNA with particularly 
high affinity for translation factors could negatively regulate translation of other host mRNAs 
by this mechanism.   
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FIGURE LEGENDS 
Fig. 1.   Trans-regulation model of BYDV gene expression.  In the early stage of BYDV 
infection, subgenomic RNAs are absent, thus the products of ORFs 1 and 2, including the 
RNA-dependent RNA polymerase (RdRp) are the only proteins produced (1).  Viral genomic 
RNA replication and subgenomic RNA transcription occur (2).  Viral RNAs accumulate and 
viral proteins are produced (1, 2, and 3).  The accumulation of sgRNA2 trans-inhibits 
translation of BYDV RdRp from gRNA (4).  However, translation of structural and 
movement proteins from sgRNA1 is not inhibited.  Genomic RNAs are available for 
encapsidation in coat protein (5).  
 
Fig. 2.  Effect of sgRNA2 on translation of reporters in wheat germ translation extracts.  In 
all cases, for each mRNA tested, the relative luciferase activity in the absence of sgRNA2 is 
defined as 100%.  A. Maps of reporter RNAs.  fLUC: firefly luciferase.  rLUC: Renilla 
luciferase.  Ends of the UTRs are numbered as in the full-length BYDV genome.  B. 
Differential effects of sgRNA2 and sgRNA2BF in trans on translation of GfLUC or 
SG1rLUC in separate reactions.  C. Effect of sgRNA2 on different reporters with the same 
sgRNA1 5’ UTR.  Relative luciferase activity of SG1rLUC or SG1fLUC in separate 
reactions in the presence of the indicated fold (molar) excess of sgRNA2.  D. Differential 
effects of sgRNA2 or sgRNA2BF on translation of GfLUC and SG1rLUC in the same 
reaction.  The activities of GfLUC and SG1rLUC were plotted individually against the fold 
excess of sgRNA2 and sgRNA2BF.  E. Changes in ratios of GfLUC/SG1rLUC activity from 
panel D.  Δ GfLUC/SG1rLUC = (GfLUC/SG1rLUC in presence of sgRNA2 or sgRNA2BF) 
÷ (GfLUC/SG1rLUC in absence of sgRNA2 or sgRNA2BF).   
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Fig. 3.  Differential effects of PAV6 and PAV6ΔSG2 replication on translation of GfLUC 
and SG1rLUC in oat protoplasts.  A. Diagram of the two-step electroporation method.  First, 
oat protoplasts were inoculated with full-length infectious BYDV PAV6 or PAV6ΔSG2 
transcripts. After a 24 hr incubation to allow viral replication and sgRNA accumulation, cells 
were electroporated again with 1pmol GfLUC, or 1pmol SG1rLUC (panel C), or both (panel 
D).  Luciferase activities were measured 4 hours later.  B. Northern blot hybridization 
showing replication of PAV6 and PAV6ΔSG2 at 24 hpi.  C. Luciferase activities in cells first 
transfected with PAV6 or PAV6ΔSG2 RNAs, and then re-electroporation with indicated 
reporter RNA.  The luciferase activity of GfLUC (or SG1rLUC) in mock-transfected cells 
was defined as 100%.  D. Same as in panel C, but 1 pmol GfLUC and 1 pmol SG1rLUC 
were co-electroporated together into the same batch of transfected protoplasts. 
  
Fig. 4.  Differential trans-inhibition by sgRNA2 alone in oat protoplasts.  The two-step 
electroporation assay was employed, but with only 4 hr between electroporations, because no 
replication takes place.  The graph shows the luciferase activity of GfLUC and SG1rLUC in 
cells initially electroporated with sgRNA2 or sgRNA2BF.  The activity of GfLUC and 
SG1rLUC in cells that were mock-transfected in the first electroporation was defined as 
100%. 
 
Fig. 5.  Mechanism of trans-inhibition by sgRNA2.  Differential effect of 20-fold molar 
excess of sgRNA2-LIII-CS, sgRNA2 and sgRNA2BF on translation of GfLUC in wheat 
germ extract.  
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Fig. 6.  Features of the 5’ UTRs of gRNA and sgRNA1 determine the differential trans-
inhibition by sgRNA2.  A.  The known secondary structure of the BYDV gRNA 5’ UTR (21) 
and the MFOLD-predicted (58) secondary structure of the sgRNA1 5’ UTR.  The kissing 
bases that participate in the long-distance interaction with the 3’ BTE are in grey.  B. 
Schematic diagram of the 3’ BTE-5’ UTR interaction in GfLUC, modified A-GfLUC, 
SG1fLUC and modified D-SG1fLUC reporter constructs.  In A-GfLUC, the 5’ proximal loop 
of SL-A was converted by a single C to A change at position 15 (italics), which makes SL-A 
complementary to the 3’ BTE at five consecutive bases (bold, gray).  The endogenous SL-D 
kissing bases were mutated to prevent base pairing with the 3’ BTE (GAC to CUG, black 
italics).   In D-SG1fLUC, the 5’-distal loop of sg1SL-D was converted from AGUUA to 
CUGACAA (bases 111-115).  The modified D-SG1flUC contained also a A to C change at 
position 10 in the loop of sg1SL-A, which prevented base pairing to the 3’ BTE.  C. 
Differential effect of sgRNA2 on translation of A-GfLUC, GfLUC and SG1fLUC in vitro.  
The activity of GfLUC, A-GfLUC or SG1fLUC in the absence of sgRNA2 was defined as 
100%.  D. Differential inhibition by sgRNA2 of GfLUC, A-GfLUC and SG1rLUC 
translation in oat protoplasts. The two-step electroporation assay was employed with 4 hr 
between electroporations.  E. Differential effect of 20-fold molar excess of sgRNA2 or 
sgRNA2BF on translation of GfLUC, SG1fLUC and D-SG1fLUC in wheat germ extract.  
 
Fig. 7.  Attempted detection of ORF 6 translation in vivo.  A. Maps of BYDV genomic 
PAV6 and PAV6-FLAG, and the subgenomic sgRNA2-FLAG transcript.  Nucleic acid and 
amino acid sequences of the FLAG-tag inserted at the 3’ end of ORF 6 (black triangle) are 
shown.  B. Western blot using anti-FLAG antibodies on total protein from oat protoplasts 
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inoculated with infectious BYDV PAV6, PAV6-FLAG, or non-replicative sgRNA2-FLAG 
RNAs 24 h post-transfection.  As a positive control, the wheat germ translation product of 
sgRNA2-FLAG is shown in the absence (-) or presence (+) of protoplast extract, which 
retarded protein mobility in the gel.  C. Northern blot hybridization of total RNA from virus-
infected cells showing replication of infectious BYDV PAV6 and PAV6-FLAG.  D. 
Translation in oat protoplasts of SG2fLUC transcript with ORF 6 fused to the firefly 
luciferase ORF.  Presence of a cap and/or a poly(A) tail on this transcript is indicated.  
Relative luciferase activity was normalized to a capped, polyadenylated, nonviral Renilla 
reporter construct. 
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CHAPTER 4. COMPETING VIRAL MRNAS SHOW DIFFERENT EFFICIENCY IN 
PROMOTING 3’ END-MEDIATED CAP-INDEPENDENT TRANSLATION UNDER 
LOW FACTOR AVAILABILITY. 
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ABSTRACT 
Owing to the absence of a cap and a poly(A) tail, Barley yellow dwarf virus RNA (BYDV, 
Luteoviridae family) rely on powerful cap-independent translation element, dubbed BTE, to 
support translation. In contrast to an IRES, the BTE is positioned in the 3’ terminus of the 
mRNA and in synergy with a 5’ cis-acting element, it regulates 5’ end-dependent scanning at 
the opposite end of the mRNA.  Here we provided evidence supporting that the initial entry 
of ribosome is at the 5’ end of the BYDV mRNAs, following the delivery of the translation 
factors by the BTE from the 3’ UTR.  This is consistent with the fact that the BTE is not an 
IRES.  We reveal that the 5’ UTR of the BYDV mRNAs is a rate-limiting factor in the BTE-
mediated cap-independent translation and is responsible for the differential translatability of 
the BYDV genomic and subgenomic RNAs.  A weaker 5’ UTR structure confers 
translational advantage to the BYDV subgenomic RNA1 over the genomic RNA under low 
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factor availability by facilitating 5’ end ribosome scanning.  This provides the molecular 
basis of the translation repression necessary for the switch from early to late stage of viral 
infection.  
 
INTRODUCTION 
In Eukaryotes, the mechanism of translation initiation normally begins with the 
recruitment of the initiation factor complex, eIF4F, to the 5’ cap of the cellular mRNAs to 
facilitate the 5’ end recognition by the 43S ribosomal complex (1).  The eIF4F complex is 
composed of the cap-binding protein, eIF4E, the multi-interacting protein, eIF4G, and in 
animal includes the RNA helicase, eIF4A.  The initiation complex promotes mRNA 
translation by (i) attaching to the mRNA 5’ end through the cap-eIF4E interaction, (ii) 
unwinding the local secondary structure that would hinder binding of the 40S ribosomal 
subunit, and (iii) docking the ribosomal subunit to the mRNA 5’ end through eIF4G-eIF3-
40S subunit interaction (2).  Ribosome entry is followed by linear scanning of the melted 5’ 
untranslated region (UTR) in the search for the correct initiation site.  While the 43S 
ribosomal complex is capable of entering the mRNA in the absence of a cap and/or any other 
translation factors (3), its efficiency is promoted strongly by the cap-eIF4F interaction, in 
synergy with the additional association of eIF4F with the poly(A) tail binding protein, PABP, 
which in turns binds the poly(A) tail at the 3’ end of the mRNA (4).  The dependence on 
eIF4F varies greatly among cellular mRNAs, and is proportional to the amount of secondary 
structure in their 5’ non-coding regions (1).  mRNAs with long and highly structured 5’ 
UTRs require more eIF4F for scanning to occur than those with relatively short and 
unstructured mRNAs.  
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In the absence of a 5’ cap and/or a 3’ poly(A) tail, many viral mRNAs evolved 
alternative structures to snatch the host translation machinery (5).  With the exception of 
certain plant viruses, cap-independent translation is facilitated by a highly structured internal 
ribosome entry site (IRES), which recruits the 40S ribosomal subunit directly to close 
proximity of the start codon independently of the 5’ end.  This strategy obviates the need for 
ribosome scanning from the 5’ end and requires different sets of translation factors, ranging 
from all to none, depending on the virus (6).   
Here we report on the mechanism of a different type of translation mechanism 
reported in a growing number of uncapped, non-adenylated plant viral RNAs, members of 
the Luteoviridae (7,8), Tombusviridae (9-18) and picorna-like Comoviridae (19) families.  
These viral RNAs rely on a cap-independent translation element (CITE) to bind essential 
translation initiation factors in the absence of the 5’ cap and to facilitate ribosome 
recruitment.  Unlike IRESes, these CITEs are located in the 3’ end of the viral mRNA while 
promoting translation of the genes at the 5’ end (20).  The CITEs vary greatly in sequence 
and in structure, yet they all probably perform the same function and ensure the recruitment 
of the ribosomes to the 5’ end of the genome.  Translation activation by the 3’ CITE involves 
at least two major steps.  One is the recruitment of the translation initiation complex by the 3’ 
element.  Second is the long-distance interaction between the 3’ element and the 5’ UTR to 
facilitate the delivery of the translation complex to the 5’ end, where ribosomes initiate 
scanning, just like in cellular mRNAs (8,21,22).  Here we focus on the cap-independent 
translation mechanism of Barley yellow dwarf virus.   
Barley yellow dwarf virus (BYDV, Luteoviridae family) has a positive sense RNA 
genome that encodes six different open reading frames (ORF) (Fig. 1).  ORF1 and its 
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frameshifting product, ORF1+ORF2, which are required for viral replication and 
transcription, are expressed from the genomic RNA (gRNA).  The downstream remaining 
genes are translated from newly synthesized 3’ co-terminal subgenomic RNAs (sgRNAs), 
which accumulate only during infection.  sgRNA1 is the message for the structural coat 
protein (ORF4) and its C-terminal extension required for aphid transmission (ORF5), and the 
putative movement protein (ORF4).  Highly abundant sgRNA2 can potentially code for 
ORF6, whose function remains unknown.   
BYDV gRNA and sgRNA1 rely on the 105nt cap-independent translation element or 
BTE in their 3’ UTR and the 5’ end cis-acting element, BTE-complementary loop or BCL, 
for active translation (7,8).  Additional sequences in the 3’ UTR, which can be replaced with 
a poly(A) tail, are necessary for full cap-independent activity in vivo (8).  Similarly to the 
Satellite Tobacco necrosis virus (STNV) 3’ translation element domain (TED) (23), the 
ability of the BTE to mediate translation correlates with its ability to recruit eIF4F, and to 
some extent, its isoform eIFiso4F (Treder et al., submitted).  eIF4G is necessary and 
sufficient to support BTE-mediated cap-independent translation, while eIF4E alone has no 
activity but confers an enhancement of eIF4F activity when in complex with eIF4G.  We 
proposed previously that, through the sequence-specific BCL-BTE long-distance kissing 
interaction, the BTE is brought to close proximity to the 5’ end of the mRNA to facilitate the 
delivery of the eIF4F complex to initiate translation (22).  However, questions remain as to 
whether (i) the entire translation initiation machinery, including the translation factors and 
the ribosomal subunit, are initially recruited to the 3’ UTR or (ii) that the initial entry of the 
ribosomes proceeds from the 5’ end, following the delivery of the factors from the 3’ UTR. 
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In a different line, in addition to its in cis-stimulatory function, the BTE specifically 
represses translation in trans (24).  This ability plays a crucial role in the function of BYDV 
sgRNA2, which bears the BTE in its 5’ end.  sgRNA2 accumulates highly during viral 
replication.  It is proposed to finely tune the switch from early to late stage of viral infection 
at the translation level.  It selectively inhibits translation of the replicase complex from the 
gRNA, but allows expression of the late genes from sgRNA1 (24,25).  Translation repression 
requires a functional BTE and can be reversed with the addition of at least eIF4F. We 
showed previously that the position of the kissing interaction to the 5’ end, which is 
necessary for BTE-mediated translation, determined susceptibility of the mRNA to sgRNA2 
trans-inhibition (25). Left unanswered are the determinants of the gRNA-sgRNA1 
differential efficiency in translation under sgRNA2 repression, while both mRNAs rely on 
the same cap-independent translational mechanism and translate similarly in the absence of 
sgRNA2 and the difference in the location of the BCL within the 5’ UTR had no effect in 
translation except in the presence of sgRNA2 (22).  
Here, we provide evidence showing that the 3’ cap-independent translation involves 
initial recruitment of the ribosomes at the 5’ end of the mRNA, following the delivery of the 
translation factors from the 3’ UTR.  We show that the 5’ UTR of uncapped mRNAs may 
determine the efficiency of 3’ element mediated cap-independent translation under 
competitive condition.  The weaker structure of the 5’ UTR, in addition to the 5’ end 
proximal position of the kissing stem loop for factor delivery, confer translational advantage 
by facilitating ribosome entry and 5’ end-dependent scanning under low factor availability.  
The 5’ UTR structure may serve to regulate translation in response to changes in availability 
of the translation machinery. 
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RESULTS 
BYDV gRNA has a high factor-dependency than sgRNA1.  Both BYDV gRNA and 
sgRNA1 rely on the same 3’ cap-independent translation element and its 5’ complementary 
loop to sustain translation of their encoded genes (8)  Yet they show different efficiencies 
under sgRNA2 repression (24,25). BYDV gRNA translation is inhibited to a greater extent 
than that of sgRNA1 in presence of sgRNA2.  To determine whether the difference in 
translation is discernable under other competitive conditions, we measured the translation 
efficiency of the BYDV-mimicking gRNA and sgRNA1 reporter constructs GfLUC and 
SG1fLUC in a wheat germ translation extract in the presence of increasing concentrations of 
cap analog, m7GpppG (Fig. 2).  A firefly luciferase reporter gene is flanked by the 5’ and 3’ 
UTRs of either gRNA and sgRNA1, which bear both 5’ and 3’ cis-elements required for cap-
independent translation (8) (25).  The level of luciferase activity measured reflects RNA 
translation efficiency.  The cap analog fills the cap-binding pocket of eIF4E and reduces the 
availability of functional eIF4E/eIF4G (eIF4F) for cap-dependent translation.  As observed 
previously (24), BTE-mediated translation is sensitive to high concentration of cap analog  
(Fig. 2A).  The translation level of GfLUC and SG1fLUC mRNAs decreased in proportion to 
the concentration of cap analog.  Note that SG1fLUC translated more efficiently than GfLUC 
at a given cap analog concentration, supporting a difference in competitiveness between the 
two messages, as observed during sgRNA2 trans-inhibition (25).   
To investigate whether sgRNA1 has a lower factor-dependency than the gRNA, we 
tested the translation efficiency of the mRNAs in a wheat germ extract depleted of the 
majority of the cap-binding factors (Fig. 2B).  The wheat germ extract was passed through a 
m7G-sepharose column, which removed most of the endogenous cap-binding factor complex 
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necessary.  In such system, the efficiency of protein expression is highly dependent on the 
addition of exogenous eIF4F factors.  Thus we analyzed the behavior of both mRNAs in 
increasing factor concentration.  Our results show that at low levels of eIF4F added (0-
20nM), SG1fLUC sustained more efficient translation than GfLUC, supporting its lower 
factor-dependency.  However, at higher factor concentration (>20nM), both mRNAs 
translated with similar efficiencies.  Previously, a translational advantage was seen in whole 
wheat germ only in the presence of sgRNA2.  Taken together, under low factor availability 
sgRNA1 shows a translational advantage over gRNA. 
 
Weaker 5’ UTR structure confers translational advantage under low factor availability.  
The 3’ BTE-mediated cap-independent translation involves at least (i) recruitment of eIF4F 
by the 3’ BTE, (ii) delivery of the factors to the 5’ end, and (iii) entry of the 43S pre-
initiation complex at the 5’ end with subsequent scanning through the 5’ UTR (22).  To 
reveal the basis of the translational advantage of BYDV sgRNA1 over gRNA, we first 
analyzed as to whether the mRNAs are differentially stimulated by the recruited factors (Fig. 
3A).  Thus we compared the level of translation of each mRNA conferred by the addition of 
eIF4G alone to that conferred by eIF4F (eIF4G+eIF4E) in depleted wheat germ extract (Fig. 
3A).  eIF4G facilitated to about 75-80 % of the level of translation provided by eIF4F for 
both GfLUC and SG1fLUC mRNAs.  Thus the efficiency of recruitment of eIF4G/eIF4F and 
their usage are not responsible of the difference in translatability of the mRNAs.   
This led us to analyze next the efficiency of ribosome scanning in BYDV mRNAs 
under low factor conditions.  One approach to determine whether ribosome scanning is rate-
limiting under low factor availability is to study the efficiency of the genomic and 
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subgenomic 5’ UTRs alone to sustain translation of a reporter gene (Fig. 3B, C).  The 43S 
ribosomal subunit is capable of initiating scanning from the 5’ end of the mRNA in the 
absence of a cap, ATP or initiation factor (3).  However, its efficiency is determined by the 
strength of the 5’ end secondary structure.  The more structure, the more factor-dependent the 
processivity of ribosome scanning is.  The gRNA and sgRNA1 5’ UTRs differ in length, 
sequence and structure (Fig. 3B).  
In this line of thought, we tested whether these 5’ UTRs differentially recruit the 43S 
ribosomal complex in the absence of the translation element or a cap.  The 5’ UTRs were 
fused to a firefly luciferase reporter gene, which is followed by about 35 bases of BYDV 3’ 
UTR (G-5’UTR, SG1-5’UTR constructs).  The constructs were tested in the depleted wheat 
germ extract supplemented with low concentration of eIF4G or eIF4F (10nM).  Both 
genomic and subgenomic 5’ UTRs promoted translation of the luciferase reporter in the 
presence of eIF4G alone, and with an additional 10-25% increase of translation with 
eIF4E+eIF4G, respectively (Fig. 3C).  Yet SG1-5’UTR mRNA showed higher translation 
efficiency than G-5’UTR.  In support of 5’ end-dependent ribosome scanning (8,22), the 
addition of a stable stem loop at the extreme 5’ end of the 5’ UTR abolished translation of the 
G-5’UTR (data not shown). 
To create competitive translation condition by exceeding the translational capacity of 
the extract, the G-5’UTR and SG1-5’UTR constructs were tested at increasing concentration 
in normal, unfractionated wheat germ extract (Fig. 3D).  Translation of both G-5’UTR and 
SG1-5’UTR mRNAs was promoted efficiently under low factor availability created by 
higher concentration of mRNAs (>2nM), with saturation point at 100nM.  Similarly to in 
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depleted wheat germ (Fig. 3C), SG1-5’UTR mRNA showed higher translation efficiency 
than G-5’UTR.   
Taken together, the evidence reveals that (i) the ribosomal complex in the presence of 
eIF4G or eIF4F is capable of entering directly the 5’ end of the BYDV RNAs, independently 
of the BTE, (ii) the enhancement of eIF4G activity by eIF4E is both cap- and BTE-
independent, and (iii) the amount of secondary structure in the 5’ UTR may contribute to the 
differential translatability of both gRNA and sgRNA1 5’. 
 
The BTE works in cooperation with the 5’ end to facilitate ribosome scanning.  The 
above data led us to investigate the contribution of the 3’ BTE to the efficiency of ribosome 
scanning (Fig. 4).  Thus, we compared the translation efficiency of GfLUC and mutant 
GfLUCBF mRNAs in depleted wheat germ with increasing concentration of eIF4G.  
GfLUCBF differs from GfLUC construct only by a four base duplication in the BTE 
sequence, which abolishes its cap-independent translation activity (8).  In such a context, the 
measured level of translation reflects the efficiency of translation independently of the BTE 
activity, as in G-5’UTR construct (Fig. 3C-D).  The assay revealed that GfLUCBF translation 
represented in average 40 to 60% of that of GfLUC with increasing concentration of eIF4G 
in the depleted wheat germ extract (Fig. 4A).   
The constructs were tested in normal wheat germ at a concentration of 2 and 100nM  
(Fig. 4B).  At non-saturating concentration of mRNA (2nM), the level of translation of 
GfLUCBF remains at background level to about 4% of that of GfLUC mRNA.  However, 
under high concentrations (100nM), it increased to 47% of that of GfLUC.  We conclude that 
when mRNA is limiting, the BTE provides a strong advantage. However at high 
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concentrations the mRNAs compete directly for ribosomes, which are also abundant in wheat 
germ. So factors are present at such a low concentration, relative to the mRNA and ribosome 
that they play less of ordeal in translation.  
 
The position of the long-distance interaction controls efficiency of factor delivery to the 
ribosomes.  Next, we set out to determine whether the efficiency of factor delivery by the 
BTE to the 5’ end, in addition to ribosome scanning, becomes rate limiting at low factor 
availability.  We showed previously that the position of the the BTE-complementary loop 
(BCL), which is necessary for BTE-mediated translation, relative to the 5’ end determined 
susceptibility of the mRNA to sgRNA2 trans-inhibition (25).  The closer to the 5’ end BCL 
is, the more competitive the mRNA is in the presence of sgRNA2.  We compared the 
translational efficiencies of the wild type GfLUC and a modified version (A-GfLUC) that has 
the BCL relocated to the very 5’ end of the mRNA, under conditions of lower factor 
availability.  At low eIF4F concentration (10nM), A-GfLUC translated at higher efficiency 
than the wild type GfLUC, which was at a similar level as SG1fLUC (Fig. 5).  However, the 
relocation of the BCL did not confer any translational advantage at high factor concentration 
(50nM), in which all mRNAs translated with similar efficiency.  Taken together, the 5’ 
proximal end position of the BCL confers additional competitiveness at low factor 
availability, probably through efficient transfer of the factors directly to the entering 
ribosomes.   
 
BYDV sgRNA1 can utilize eIFiso4F to a higher extent that gRNA.  Gallie and Browning 
(2001) observed that eIF4F differs from its isoform eIFiso4F in plants in mRNA template 
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selectivity.  eIF4F favors translation of mRNAs with highly structured 5’ leader, while 
eIFiso4F promotes preferentially translation of unstructured mRNAs (26).  We proposed to 
test whether eIFiso4F will support translation of SG1fLUC more effectively than that of 
GfLUC, on the basis of the weaker predicted secondary structure of sgRNA1 5’ UTR.  Thus 
we compared the ability of the two forms of eIF4F at a 50nM concentration to restore 
translation of the GfLUC and SG1fLUC mRNAs in depleted wheat germ extract (Fig. 6).  
eIFiso4F recovered translation of GfLUC to about 5% of the level conferred by eIF4F (Fig. 
6A).  However, it stimulated translation of SG1fLUC close to 22% of the eIF4F level (Fig. 
6B), showing that sgRNA1 can efficiently use eIFiso4F for its translation.   
To show that the translational advantage of sgRNA1 in using eIFiso4F is at the 
scanning level rather than dependent on the putative factor delivery site (BCL) to the 
immediate 5’ end of the mRNA, we measured the efficiency of eIFiso4F to restore 
translation of A-GfLUC (Fig. 6C).  Similarly to what was observed for GfLUC, eIFiso4F 
facilitated A-GfLUC translation very weakly.  Thus the closer position of its BCL to the 5’ 
end had no effect on the requirement for eIF4F.  Taken together, sgRNA1 is capable of using 
eIFiso4F more efficiently than gRNA.  
 
sgRNA2 efficiently sequesters eIF4F by the BTE and the downstream sequence.  Left 
unclear is how, in the context of viral infection, BYDV sgRNA2 is capable of creating such a 
low factor condition to induce differential expression of gRNA and sgRNA1.  Translation 
repression requires a functional BTE (24).  The BTE represses translation to a greater extent 
when it is in the context of full length sgRNA2 than as the 105 BTE sequence alone.  In the 
latter case, four times as much BTE is needed to reach a similar level of inhibition as by full 
 132 
length sgRNA2.  This brought us to question whether the BTE downstream sequences (BDS) 
in sgRNA2 function in cooperation with the BTE for efficient and/or additional recruitment 
of eIF4F to the mRNA (Fig. 7).   
To answer the above question, we performed a filter-binding assay of 0.4nM 
radiolabeled BDS with purified 50nM eIF4F (Fig. 7A).  eIF4F bound the BDS to a much 
greater extent than control RNA (18S rRNA) and at about two-thirds the level that it bound 
the BTE (Fig. 7A).  This led us to analyze the effect of increasing concentrations of eIF4F on 
the repression of GfLUC translation caused by sgRNA2 or by the 105nt BTE alone (Fig. 7B).  
We hypothesized that sgRNA2 might potentially tether more eIF4F than BTE alone for 
effective inhibition of GfLUC translation.  This would require more exogenous eIF4F to 
overcome the trans-inhibition.  Both trans-inhibitions were reversed with the addition of 
20nM of exogenous eIF4F, and GfLUC translation was restored to non-trans-inhibited level.  
Additional eIF4F further stimulated translation of GfLUC initially repressed by the BTE, but 
did not provide any additional boost of translation in sgRNA2-trans-inhibited reaction.  This 
supports that sgRNA2 might have a tighter affinity to eIF4F or more eIF4F binding site than 
BTE alone.   
To further analyze the role of the BDS in factor sequestration, we tested the 
efficiency of the BDS alone to repress GfLUC translation when added in trans (Fig. 7C).  
The BDS was unable to repress GfLUC translation in trans even at 100-fold molar excess.  
This correlates with previous data showing that sgRNA2 with the full BDS but a non-
functional BTE is unable to trans-inhibit (25,27).  Taken together, we propose that sgRNA2 
creates a low factor condition by sequestering eIF4F with the BTE, with an increased 
efficiency and/or stability facilitated by its context within the adjacent BDS.  
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DISCUSSION 
Barley yellow dwarf virus (BYDV) genomic and subgenomic RNAs rely on a 
powerful cap-independent translation element, dubbed BTE, for their expression.  Unlike 
known IRESes, the BTE facilitates 5’ end-dependent scanning from a 3’ end position, 
kilobases downstream of the 5’ proximal AUGs (8,22).  It achieves its function by recruiting 
at least part of the translation machinery and delivering it to the 5’ end where the ribosomes 
must scan to reach the initiation codon, just as in cellular mRNAs.  The BTE coordinates the 
5’-3’ long-distance communication through direct base pairing to a 5’ complementary 
element, called BCL (BTE-complementary loop) (8).  A single point mutation or changes in 
the paired-base sequence, even though it is predicted to retain complementarity prevent 
translation (22).   
Here we show lines of evidence supporting that the 5’ UTR of the BYDV mRNAs is 
a rate-limiting element in the BTE-mediated cap-independent translation, and is responsible 
for the differential translatability of the BYDV gRNA and sgRNA1 under competitive 
condition.  This fits a simple 5’end-dependent ribosome scanning mechanism, where the 
strength of the 5’ UTR secondary structure may determine efficiency when factors are 
limiting.  
Ribosome scanning. It was shown previously that the 43S pre-initiation complex is 
capable of initiating scanning of the 5’ UTR in the absence of a cap (3,28).  We deduce that 
the ribosomal complex in the presence of eIF4G or eIF4F is capable of assembling and 
entering directly the 5’ end of the BYDV RNAs, independently of the BTE (Fig. 3 and 4). 
This initial binding of the ribosomes at the 5’ end is consistent with the fact that the BTE 
does not act like an IRES.  We speculate that due to the structured nature of the BYDV 5’ 
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UTRs, the efficiency of ribosome scanning remains highly eIF4F- and therefore BTE-
dependent for the delivery of factors.  eIF4F and possibly other factors interact directly with 
the BTE and are delivered to the 5’ UTR by the long-distance base pairing.  This increases 
the pool of translation factors at the 5’ end of the mRNA, which then catalyze ribosome entry 
and/or scanning.   
The translational model proposed may apply to all 3’ CITE-bearing viruses, with a 
degree of variation depending on the nature of their 5’ leader.  Some 3’ CITE-bearing viruses 
have been reported to have very short and structureless 5’ UTRs (Wang Z., personal 
communication).  Furthermore, the initial recruitment of the ribosomes to the mRNA may 
also be facilitated by the potential base pairing of the 40S ribosomal subunit directly to the 5’ 
UTR as proposed in STNV TED-mediated translation (14).   
Left unclear is how ribosome entry is fully dependent on the BTE under high levels 
of unengaged translation complex, which prevails in normal wheat germ extract and at low 
level of competing mRNAs.  As shown in Fig. 4, translation from the uncapped mRNA with 
a non-functional BTE (GfLUCBF) remained at background level under such conditions.  
However under competitive translation, which occurs with a high pool of mRNAs or under 
factor-depleted condition, the BTE works in cooperation with the 5’ UTR to maximize 
ribosome entry.  A similar observation was reported for the function of the Tobacco Etch 
virus (TEV, Potyviridae) IRES, which is activated only under low factor availability, while it 
does not confer any translational advantage to the mRNA under non-competitive condition 
(29).  The initial entry of the ribosomes can occur directly at the 5’ end of the mRNA.  But its 
efficiency is catalyzed by the BTE, which dependency varies according to the translational 
condition. 
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Role of the 5’ UTRs.  One important finding is that the difference in structures of the 
5’ UTR of the gRNA and sgRNA1 may be a key component of translation efficiency under 
certain conditions.  While in a non-competitive environment, the 5’ UTRs do not differ in 
effect on translation, as observed in Fig. 2 and 5 where gRNA and sgRNA1 reporter 
constructs translated with similar efficiency.  In contrast, they become rate limiting under 
low factor availability.  Due to the relatively less compact 5’ leader, sgRNA1 is less 
dependent on factors than gRNA to facilitate ribosome scanning.  Evidence for reduced 
sgRNA1 factor-dependency of sgRNA1 includes its higher efficiency in translation under 
competitive conditions, resulting from (i) the sequestration of the factors by sgRNA2 (25), 
(ii) depletion of factors, and (iii) high concentration of competing mRNAs exceeding the 
translational capacity of the extract.  This is also consistent with the ability of eIFiso4F to 
sustain translation of sgRNA1 at a greater extent than that of gRNA (Fig. 6).  eIF4iso4F 
preferentially supports translation of mRNAs with unstructured 5’ UTR (26).  The inability 
of eIFiso4F to restore translation to levels achieved by eIF4F is linked to its inefficiency to 
support cap-independent translation (26).   
The efficiency of sgRNA1 translation under low factor availability is attributable to 
the proximity of the kissing site to the 5’ end of the mRNA.  In the view of ribosome 
scanning, the translation factors are delivered - through the long distance base-pairing - 
directly to the 5’ end of the mRNA, which could facilitate initial scanning of the ribosomes.  
Similarly to the 5’ UTR structure, the position of the kissing site provides no translational 
enhancement under non-competitive conditions.  We propose that the 5’ UTR may play the 
role of a riboregulator, by regulating translation in response to changes in availability of the 
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translation machinery and it increases competitiveness of the mRNA when factors are 
limiting. 
sgRNA2 regulation model. The necessity of a temporal switch of gene expression for 
the completion of the viral life cycle is consistent with the biological relevance of this 
differential translation of the BYDV gRNA and sgRNA1 under certain conditions.  Upon cell 
infection, BYDV RNA genome functions as a message for the expression of the RdRp and 
the replication-associated proteins.  The BTE provides a powerful mechanism for protein 
expression under cellular mRNA competition.  The accumulation of the replicase complex 
favors viral genomic RNA replication and subgenomic RNA transcription, which is 
necessary for the expression of the downstream open reading frames.  It was previously 
shown that the high accumulation of sgRNA2 results in repression of translation of the 
gRNA to a greater extent that sgRNA1 (24,25).  Such repression is proposed to regulate the 
switch from early to late stage of viral infection, by inhibiting production of the replicase 
complex from the gRNA while allowing expression of the structural genes from sgRNA1.  In 
such a view, the clearing of the ribosomes off the gRNA could be a signal for genome 
packaging.   
The sgRNA2-mediated translation inhibition correlates with efficient sequestration of 
eIF4F (Fig. 7).  The decrease in factor availability by the BTE is favored by the additional 
sequences downstream of the BTE, possibly by recruiting additional factors or increasing the 
stability of the factors to the BTE.  However, it is clear that sgRNA2 depletes factors 
efficiently.  
Translation mechanism.  Treder et al. (submitted) revealed that unlike in cap-
mediated translation, the BTE binds eIF4F via eIF4G to facilitate translation initiation.  
 137 
eIF4E alone has no affinity for the BTE.  Rather it plays a role in enhancing the activity of 
eIF4G for full cap-independent translation.  Our data reveal that the enhancement of eIF4G 
activity by eIF4E in mediating translation of BYDV mRNA is still observed independently 
of the BTE (Fig. 3C).  One could speculate that the role of eIF4E in translation of uncapped 
mRNAs is probably in a change of eIF4G configuration, which then enhances its affinity to 
the mRNA and promotes active translation.  This study provides a new insight on the 
regulation of cap-independent translation and on the cooperation of both 5’ and 3’ UTRs for 
efficient translation. 
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MATERIALS AND METHODS 
Plasmid construction and in vitro transcription 
Construction of the cDNA reporter construct, GfLUC, GfLUCBF, SG1fLUC and A-GfLUC 
have been previously described in (8,22,25).  Prior transcription, all plasmids were linearized 
with SmaI. In vitro transcription was performed using the T7 megasScript kits (Ambion, 
Austin, TX).  The G-5’UTR and SG1-5’UTR cDNA template for transcription were obtained 
by linearizing GfLUC and SG1fLUC by BamHI restriction digestion, which leaves about 50 
bases following the luciferase reporter gene as 3’ UTR. 
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In vitro translation in depleted and unfractionated wheat germ lysate, and luciferase 
activity reading. 
Depletion of wheat germ extract – Wheat germ extract (Promega) was loaded onto a 
m7GTP affinity column equilibrated in N’-100 (25mM HEPES buffer, 100mM Potassium 
Acetate, 2mM Magnesium Chloride, 10% glycerol, 1mM DTT), and unbound fractions 
showing the highest protein concentration at 280 nm, were harvested and pooled, and then re-
aliquoted for storage at –80˚C prior to use.    
In vitro translation -  In vitro translation reactions were set up using unfractionated 
wheat germ extract from Promega as described previously (8). The final mRNA 
concentration is used 2 nM.  To supplement depleted extracts, protein was diluted to the 
desired concentration with N’-100 buffer to a total volume of 5 µl.  The protein was then 
added to wheat germ translation mix to a total volume of 50 µl, with a final concentration of 
RNA transcript, unless indicated, of 20 nM.  The translation assay was performed at 25ºC for 
1 hour.  1-5 ul of the translation reaction was added to the 50 µl of the luciferase assay 
reagent using the Luciferase Assay Reporter system from Promega Corporation (Madison, 
WI).  Luciferase activity was immediately measured on a Turner Designs TD-20/20 
luminometer. Each sample was tested in triplicate and repeated at least three independent 
experiments. 
Nitrocellulose binding assay - The assay was performed as described in (30).  α-32P-
labeled RNAs such as BTE or a 120 nt long 18S rRNA-derived transcript (0.4 nM) were 
incubated with the test proteins (50nM) in binding buffer (final volume 50 µl, 25 mM 
HEPES•KOH pH 7.6, 100 mM potassium acetate, 30 mM KCl, 2 mM MgCl2, 1 mM DTT, 
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0.1 mg/ml BSA, 50 µg/ml tRNA, 50 µg/ml poly(dI-dC), 2.5% glycerol).  Samples were 
filtered through nitrocellulose and hybond N++ membranes (Amersham Bioscience). RNA-
protein complexes were retained on nitrocellulose and all free radio-labeled RNA was 
retained on hybond N++ membrane.  Both membranes were exposed to a phosphorimager 
screen (Amersham Bioscience) and intensity of obtained spots was quantified using 
ImageQuant software (Molecular Dynamics). Percent of bound RNA was determined by 
dividing the value on the nitrocellulose membrane (RNA bound to protein) by the sum of the 
values on the nitrocellulose (RNA bound to protein) and nylon (unbound RNA) Data were 
fitted using GraphPad software (GraphPad Software, Inc.). 
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FIGURE LEGENDS 
FIGURE 1.  Genome organization of Barley yellow dwarf virus.  Open reading frames are 
numbered.  BTE: BYDV-cap-independent translation element; BCL: BTE-complementary 
loop, BDS: BTE downstream sequences. 
 
FIGURE 2.  Translation efficiency of BYDV genomic and sgRNA1 mimicking reporter 
constructs (GfLUC, SG1fLUC) under various competing conditions. A.  Relative luciferase 
activity in wheat germ with increasing increasing concentration of cap analog (m7GpppG). 
B. Relative luciferase activity in cap-binding factor depleted wheat germ lysate supplemented 
with increasing concentration of initiation factor eIF4F.  
 
FIGURE 3.  Effect of the 5’ UTR structures on translation under low factor availability. A. 
Relative luciferase activity of GfLUC and SG1fLUC mRNAs in m7G-depleted wheat germ 
supplemented with 30nM of eIF4G alone or eIF4F. B. Known secondary structure of the 
BYDV genomic 5’ UTR (8), and the M-fold predicted structure of the subgenomic 5’ UTR.  
The BTE-complementary loop is annotated in each RNA as g-BCL and sg-BCL, 
respectively.  C.  Relative light unit measured for G-5’UTR and SG1-5’ UTR constructs in 
depleted wheat germ with 10nM of factor added.  In such constructs, the 5’ UTRs the 
genomic and sgRNA1 is fused to the firefly reporter gene.  D. Relative luciferase activity of 
increasing concentration of G-5’UTR and SG1-5’UTR mRNAs in normal wheat germ. 
 
FIGURE 4.  Comparison of the translation efficiency of GfLUC and mutant GfLUCBF 
under different competitive conditions. GfLUCBF has a four base duplication within the 
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BTE, which renders its non-functional. A. Relative luciferase activity of GfLUC and mutant 
GfLUCBF mRNAs in depleted wheat germ supplemented with increasing concentration of 
eIF4G.  B. Relative luciferase activity of GfLUC and GfLUCBF RNAs at non-saturating and 
saturating concentration (2nM and 100nM) in unfractionated wheat germ extract. 
 
FIGURE 5.  Effect of the position of the kissing stem loop on the translation of gRNA under 
competitive condition.  Relative luciferase activity of GfLUC, mutant A-GfLUC and 
SG1fLUC in depleted wheat germ supplemented with various concentration of eIF4F. In A-
GfLUC, the BTE complementary loop is relocated to the very 5’ end of the mRNA, about 
100 bases upstream from its natural position.  
 
FIGURE 6.  Restoration of translation of GfLUC (A), SG1-fLUC (B), and A-GfLUC (C) by 
eIF4F and its isoform eIFiso4F. 
 
FIGURE 7. The role of the BTE downstream sequences (BDS) in cap-independent 
translation. A. Filter binding assay of the BDS, BTE and control 18S rRNA with eIF4F.  B. 
Effect of increasing concentration of eIF4F on the relative luciferase activity of GfLUC 
under the trans-inhibition effect of sgRNA2 (triangle) and BTE (square). C. Trans-inhibition 
assay of GfLUC mRNA with increasing concentration of BDS RNA.  
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CHAPTER 5: GENERAL CONCLUSIONS 
 
To compete with the host mRNAs for the cellular translation machinery and to 
circumvent host regulation, many viral mRNAs rely on alternative mechanisms for gene 
expression.  The uncapped, non-polyadenylated Barley yellow dwarf virus RNAs utilize a 
novel mechanism for the recruitment of the ribosomes to the mRNA that differs from cap-
dependent translation and known IRESs by its combination of (i) cap-independence, (ii) 
location of the translation element in the 3’ UTR, and (iii) requirement for scanning from the 
5’ end of the mRNA.  
 In this dissertation research, I focused on the molecular mechanics of the long 
distance 5’-3’ interaction that is indispensable for BTE-mediated cap-independent 
translation.  This interaction is proposed to bring the BTE into close proximity with the 5’ 
UTR for the delivery of the translation factors recruited at the 3’ end.  My research has 
revealed that this kissing interaction is dynamic, switching between closed and open 
conformations, and perfectly coordinates - from its position from the 5’ end - initiation and 
regulation of gene expression.  I observed that the 43S ribosomal complex is capable of 
entering at the 5’ end of the BYDV mRNA, but its efficiency is strongly promoted by the 
BTE, which maximizes the pool of factors at the 5’ end of the mRNA.  In summary, 3’ BTE-
mediated translation is dependent upon: 
(i) The recruitment of the translation factors by the BTE in cooperation with 
the long distance 5’-3’ communication.  The core cap-independent 
translation activity of the BTE can be separated from its role in 5’ 
 151 
interaction.  However disruption of either event abolishes 3’ end-mediated 
translation (Chapter 2). 
(ii) The 5’ end-dependent scanning of the 5’ UTR to reach the initiation 
codon, just like in cellular mRNAs (Chapter 2).    
(iii) The distance between the 5’ terminus and the BTE complementary kissing 
stem-loop (BCL).  Reduced translation is observed when additional 
unstructured sequences are added to the extreme 5’ end of the mRNA, 
moving the BCL further downstream of the 5’ end (Chapter 2).  On the 
other hand, the relocation of the BCL to the very 5’ end of the gRNA 
supports translation at a level similar at wild type (Chapter 2).  However, 
the position of the BCL relative to the 5’ end modulates sensitivity to 
translation inhibition by sgRNA2 (Chapter 3) or under condition of low 
factor availability (Chapter 4).  As revealed in Chapters 3 and 4, BYDV 
has evolved a unique mechanism to allow regulation of translation by 
harboring the BCL at different positions within its gRNA and sgRNAs (at 
at the extreme 5’ end at the sgRNA1, further downstream position in the 
gRNA, and absent in sgRNA2). 
(iv) The stability of the 5’ UTR secondary structure, which becomes rate 
limiting under low factor availability. This is consistent with the simple 
scanning efficiency mechanism.  Given the evidence that BTE-mediated 
translation requires 5’ end–dependent ribosome scanning, a longer 5’ UTR 
tract with significant structure may require more translation factors in 
order facilitate ribosome scanning (Chapter 4).   
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Why a 3’ translation element? 
The presence of the translation element in the 3’ UTR of the viral RNA confers 
several advantages:  (i) it prevents translation initiation on 3’-truncated, incompletely 
synthesized or degraded RNAs, (ii) it ensures the presence of the translation element on the 
coding subgenomic RNAs, and (iii) may facilitate the switch from translation to replication 
as the cycle of infection progresses.  The 3’ UTR harbors the cis-acting elements required 
both for translation and replication (2), and thereby prevents theses two processes from 
occurring simultaneously on the same RNA.  This mechanism of 3’ cap-independent 
translation element is more common than one thought, as an increasing number of new 
translation elements continues to be identified. 
 
Future prospects 
3’ translation element and factor recognition: The basic steps of 3’ CITE-mediated 
translation have been delineated: they involve recruitment of the translation factors and 
communication with the 5’ UTR (3).  However, many questions remain regarding this 
simplistic model.  There is no prototype sequence or structure shared by all 3’ CITEs, and 
recent studies have revealed differences in their requirements for translation factors and in 
the process for the assembly of the scanning machinery.  For instance, the STNV translation 
enhancer domain (TED), with its extended stem loop structure, interacts with great affinity to 
both eIF4E and eIF4G, and both eIF4F and its isoform eIFiso4F (4).  In contrast, eIF4G 
alone is necessary and sufficient to support BYDV TE-mediated translation (Treder et al., 
submitted).  eIF4E alone has no affinity for BTE but confers enhancement of eIF4F activity 
when in complex with eIF4G.  On the other hand, the Pea enation mosaic virus, which is 
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predicted to fold into a T-shape structure, binds eIF4E but requires the all eIF4F complex for 
translation (Wang Z., personal communication). 
This leads to the following questions: (i) What sequence, structure and/or tertiary 
folding of the core element of a translation element are essential for factor recognition?  Has 
the BTE evolved into a natural RNA aptamer for factors? (ii) What are the roles of the 
surrounding structures and sequences?  Are they required for maintenance of the core 
element and its protrusion out of the genome for easy accessibility, as indicated by the 
presence of the long stem holding the 4-way junction (Pettit Kneller, unpublished data)? And 
(iii) Is sequence specificity of the 5’-3’ base pairing a result of factor recognition and/or 
configuration.  
 
Regulation of viral translation: I have presented evidence for a novel mechanism of 
RNA-mediated regulation of gene expression (Chapter 3).  The accumulation of an 
apparently non-translatable sgRNA2 later in infection controls the efficiency of expression of 
the other viral mRNAs and potentially host cellular translation.  The biological relevance of 
such fine-tuned RNA-mediated mechanism of translation repression as the switch from early 
expression of the replication complex from the gRNA to favor late expression of the 
structural proteins from sgRNA1 is clear.  An imbalance in the ratio of non-structural versus 
structural proteins could prevent successful viral infection, by generating insufficient 
packaging material, too many naked viral genomes, etc.  Left unanswered is how a mutant 
virus, defective of sgRNA2 is still fully competent in replication in protoplasts (8) and in 
plants (Jackie Jackson, unpublished data).  Accumulating data reveal that this mutant virion 
is fully transmissible by aphids and shows similar infectivity in plants as wild type through a 
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series of passages (Jackie Jackson, unpublished data).  In view of evolutionary pressure on 
the virus, one would assume that the functional importance of sgRNA2 should correlate with 
the energy required to produce it.  This is relevant also to the highly abundant production of 
the non-coding sgRNA3, whose function remains unknown.  
A new era of research revolves around the fate of translationally repressed RNAs 
(5,6).  These studies address the possible ways in which small non-coding RNAs repress the 
expression of their target RNAs, either at the level of RNA turnover or translation, and the 
reversible sequestrations of the mRNAs into specific structures, rich in RNA degrading 
enzyme, called processing bodies or P-bodies (7).  Many interesting questions remain: (i) 
what is the stage of translation affected by sgRNA2 trans-inhibition (potentially at the 
initiation level due to a depletion of the translation factors)? and (ii) are viral mRNAs 
sequestered in similar specific compartiments or bodies in the cytoplasm to go through the 
translation/replication/packaging cycle?  Can the viral mRNAs be directed into those foci to 
mediate effective repression of viral translation, clearing the RNA of the ribosomes and 
turning the genomic RNA into replication competent template and/or ready for viral 
packaging (5).  What protects the transcripts from degradation? 
The work presented here has explored and solved many truly fascinating aspects of 
unconventional translational control in the model virus BYDV.  It has also uncovered many 
exciting new questions that will undoubtedly continue to enthrall investigators in our own 
little corner of the scientific world.  
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APPENDIX A. RNA SEQUENCES IMPLICATED IN CAP-INDEPENDENT 
TRANSLATION 
 
This section covers a short study in trying to identify the RNA sequences within the 
BYDV cap-independent translation element or BTE, implicated in the recruitment of the 
translation machinery.  
 
GNRNA motif optimum for BTE-cap independent translation activity 
Treder et al., (in submission) provided first evidence that the BTE binds initiation 
factor eIF4F complex via eIF4G to mediate cap-independent translation.  The cap-binding 
subunit, eIF4E, alone weakly interacts with the BTE.  However, it enhances eIF4G affinity to 
the BTE and full eIF4F complex activity.  In the attempt to identify the RNA sequences 
implicated in the recruitment of the translation machinery, we first analyzed the importance 
of a consensus 17 nt sequence, GGAUCCUGGGAAACAGG, found in all BYDV-like TEs.  
One feature of this sequence tract is that it folds into a conserved stem loop (SL-I, paired 
bases underlined) (Fig. 1).  The terminal loop sequence, GGAAA, fits the consensus 
GNRNA pentaloop motif found in Bacteriophage λ boxB RNA.  Such motif is shown to be 
involved in RNA:protein complex (1).  It folds into a highly compact pentaloop, which is 
involved in binding of λ N protein, and the 4th base is predicted to protrude out of the fold, 
and is required for recruitment of the second E. Coli NusA protein (1).   
We hypothesized that the stem-loop I binds eIF4F in a box B-like fashion, with one of 
the eIF4F subunits, possibly eIF4G, interacting first with loop and eIF4E binding additionally 
to the protruding nucleotide.  To test this hypothesis, I investigated the effects of introducing 
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mutations in the SL-I pentaloop.  Consistent with the hypothesis, mutation of the GGAAA 
into a non-GNRNA sequence, UUUCC, was shown to abolish BTE-mediated translation (2) 
(Fig. 2).  Thus we tested several variations of the pentaloop motifs to determine the 
importance of the base 4 by a series of deletion and mutation (Fig. 2A).  The deletion of base 
4, which leaves a tetraloop motif, GGAA, or its mutation from A into a U in mutant GGAUA 
reduced translation down to 40% and 10%, respectively.  Interestingly, the BTE with the 
transition of the A into a G at base 4 - mutant GGAGA - retained most of its activity.  
Mutation of base 2, G into a U, had no effect on cap-independent translation.  This result 
suggests that the required motif for SL-I may be GNRRA for optimum BTE-function.  The 
requirements for base 1,3,5 remain to be tested. 
To determine whether the reduction of translation resulting from the mutations at base 
4 would correlates with a loss in eIF4E stimulation of translation, we tested the mutants in 
depleted wheat germ regenerated with 50nM of eIF4G alone or eIF4G+eIF4E (eIF4F) (Fig. 
2B).  Similarly to the wild type, eIF4G alone accounted for about 70-80% activity of eIF4F 
complex in all mutants, showing that eIF4E enhanced the activity of eIF4G in a similar 
fashion.  This suggests that the protruding base is not involved specifically in the eIF4E 
interaction.  These observations are consistent with the data in Chapter 4, suggesting that 
eIF4E plays a role in enhancing eIF4G activity by inducing conformation changes for a 
tighter interaction with uncapped, BTE-less mRNA.   
To our surprise, all mutants showed a general increase in translatability in depleted 
wheat germ.  The GGAGA mutant translated about 50% efficiently than the wild type, while 
the GGAA mutant translated at a similar level to wild type.  The GGAUA mutant translated 
to about 45% of the wild type level.  Similar observation was reproduced in normal wheat 
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germ with saturating concentration level of mRNA (data not shown).  This result suggests 
that under competitive condition, such as in depleted wheat germ, the base 4 is no longer a 
rate limiting factor.  However, the transition of A to G confers great translation advantage.  
 
Does the BTE bind directly to the 40S ribosomal subunit? 
The BTE bears a 6nt tract complementary to the 18S rRNA (GAUCCU: AGGAUC) 
within the 17nt conserved sequence.  The question is whether the BTE-mediated cap-
independent translation relies on direct base pairing of the BTE to 18S RNA in the 40S 
ribosome subunit.  To answer this question, we measured the affinity of the BTE to the 40S 
ribosomal subunit by filter binding assay (Fig. 3).  We observed that the 40S ribosomal 
subunit did not have a great affinity to the BTE than to a control RNA, which corresponds to 
the 5’ UTR of BYDV gRNA and has no complementary sequence to the 18S rRNA. 
To further analyze the relevance of this region, we performed a series of mutations 
(Fig. 4A), which could theoretically increase or decrease complementarity to the 18S rRNA, 
without affecting the general structure of the BTE (mutant=base pairing change: 3nt=+3; 
U>A=-1; SLIr=-2; SLIr+3nt=+1).  We measured their effects in translation in an in vitro 
translation reaction.  We observed that all mutations abolished translation to a similar level as 
the BF mutant, which has a four base duplication that does not reduce the complementarity to 
the 18S rRNA but renders the BTE non-functional (Fig. 4B)   
To determine as to whether the mutations disrupted the core cap-independent activity 
of the BTE, we performed a trans-inhibition assay (Fig. 4B). In addition to its in-cis 
stimulation activity, the BTE represses translation when added in trans.  A 40X molar excess 
of the BTE was added to the in vitro translation reaction of our reporter construct and we 
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measured translatability of the reporter mRNAs.  We observed that the addition of the 3nt 
and U>A BTE mutants in trans repressed translation to close efficiency as the wild type BTE, 
suggesting that the BTE retained its binding affinity to the translation factors.  The mutations 
within the stem loop (SLIr), which retained the stem structure but changed the nature of the 
base pairing, abolished the ability of the BTE to trans-inhibit.  This revealed that the stem 
loop sequence poorly tolerates base change and is affecting the core cap-independent activity 
of the BTE.  The phylogenetic analysis of the sequence revealed the variation (AAUCCU; 
GACCCU; GAUCCC), which may not support the complementarity of the region to the 18S 
rRNA.  
Taken together, the 6nt tract – GAUCCU - is sensitive to base changes, and is 
involved in part in the recruitment of the translation factors, at least for the helix 1 and or 
downstream steps.  We speculate that the BTE-mediated translation probably does not rely 
on direct base pairing of the element for the recruitment of the ribosomal subunit.  However, 
it remains possible that the interaction may occur for stabilization and increased affinity of 
the translation complex to the mRNA, once all assembled at the 5’ end. 
 
The BTE-mediated translation may not involve poly(A) tail binding protein. 
In the context of sgRNA2, the BTE is more efficient in mediating trans-inhibition of 
translation than alone.  It is required at a 4-fold molar excess less than when alone to reach 
similar level of inhibition.  This led us to question whether the BTE downstream sequences 
(BDS) in sgRNA2, which corresponds to the entire 3’ UTR in the full-length genome, favor 
trans-inhibition by sequestering additional factors and/or working in cooperation with the 
BTE for eIF4F binding. 
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We set out to determine whether the poly(A) binding protein, PABP, could be one of 
the factors additionally sequestered by the BDS for efficient trans-inhibition (Fig. 5).  This 
hypothesis was based on the presence of a poly(A) mimic region embedded within the BDS, 
which can be functionally replaced by a poly(A) tail for translation in cis (3; Kneller, 
unpublished).  We initially repressed translation of our BYDV-mimicking reporter construct 
(GfLUC) down to about 15% of its maximum efficiency, in presence of a 10-fold molar 
excess of sgRNA2 or 40-fold molar excess of BTE.  We then measured restoration of 
translation by the increasing concentration of PABP added to the reaction.  We hypothesized 
that if PABP is a limiting factor in the GfLUC repression and its addition should alleviate 
sgRNA2 inhibition, but not that mediated by BTE, which is not expected to sequester PABP 
due to the lack of the downstream sequences.  Our results show that the addition of PABP 
was not able to reverse sgRNA2 trans-inhibition, or render GfLUC more efficient in 
translation.  This suggests that the ability of sgRNA2 to repress translation more efficiently 
than BTE does not involve sequestration of PABP.  The functionality of the PABP used in 
the assay was tested by the ability of PABP to restore translation of a capped, polyadenylated 
mRNA, which was repressed with the addition of a poly(A) tail to the reaction (data not 
shown).   
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FIGURE LEGENDS 
 
Figure 1.  Secondary structure of BYDV cap-independent translation element (BTE). In 
green: the consensus 17nt sequence found among all BTEs, which folds into a stem loop. In 
yellow: the terminal loop, GGAAA, which fits a GNRNA motif. 
 
Figure 2.  Mutations within the GGAAA pentaloop motif.  A. Relative luciferase activity of 
the mutant BTEs in the context of the BYDV-mimicking reporter constructs in normal wheat 
germ. B. Relative luciferase activity of the mutant BTEs in depleted wheat germ 
supplemented with either eIF4G or eIF4F.   
 
Figure 3.  Filter binding assay of the BTE and a control mRNA – which corresponds to the 
BYDV genomic 5’ UTR which bears no complementary sequence to the 18S rRNA – with 
increasing concentration of purified 40S ribosomal subunit from wheat germ. 
 
Figure 4.  Mutations within the 6nt tract that share complementary sequence to the 18S 
rRNA.  A. Mutations within the 6nt tract (in yellow) that either decrease or increase 
complementarity to the 18S rRNA.  B.  Relative luciferase activity of the mutant BTEs in the 
context of the BYDV mimicking reporter construct (GfLUC) in normal wheat germ. C.  
Relative luciferase activity of the mutant BTEs in a trans-inhibition assay.  The BTE RNAs 
was added at 40X fold molar excess to GfLUC reporter mRNA. 
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Figure 5.  Recovery by increasing concentration of PABP of translation of GfLUC mRNA 
trans-inhibited with either sgRNA2 or BTE.  Translation was initially reduced to about 15% 
with 10X fold of sgRNA2 or 40X fold of BTE. 
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APPENDIX B.  IN VITRO ANALYSIS OF TRANSLATION ENHANCERS 
 
A book chapter accepted for publication in  
Methods in Molecular Biology: Protocols for Plant viruses Vol II, Human Press (in press) 
Aurélie M. Rakotondrafara and W. Allen Miller 
 
Abstract 
The genomes of many plant viruses contain translation-enhancing sequences that allow them 
to compete successfully with host messenger RNAs for the translation machinery.  
Identification of translation enhancer elements is valuable, both to gain understanding of 
virus gene expression control, and to apply them as tools for engineering gene expression in 
plant cells.  Here we describe experiments designed to detect viral elements that enhance 
translation, focusing on cap-independent translation activity, using a high fidelity cell-free 
wheat germ translation extract.   
 
Key Words: plant RNA viruses; translation enhancer; cap-independent translation; in vitro 
translation; wheat germ extract; cap analogues; ribosome scanning; internal ribosome entry 
site (IRES). 
 
1. Introduction 
Translation is a key step in gene expression of most plant viruses because most have 
an RNA genome.  Initiation is the rate limiting and most regulated step in translation.  The 
first step of translation initiation involves recognition of the messenger RNA by the protein 
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synthesis machinery (1).  For classical capped and polyadenylated mRNAs, this recognition 
is achieved by binding of the 5’ cap (m7GpppN) on the mRNA to the cap-binding translation 
initiation factor complex, eIF4F, which then recruits the 40S ribosomal subunit.  This process 
is enhanced by the 3’ poly(A) tail, which is brought to close proximity of the 5’ cap by 
interacting with eIF4F via poly(A) binding protein. Thus, the poly(A) tail and the 5’ cap 
synergistically stimulate translation initiation.  Once positioned at the 5’ end of the RNA, the 
40S ribosomal subunit progresses in a 5’ to 3’ direction in search of the initiation codon.   
Many plant viral RNAs harbor elements that enhance the recruitment of the host 
translation machinery in the presence or absence of a 5’ cap and/or a 3’ poly(A) tail.  
Translation enhancers can be categorized in two groups: (i) elements that substantially 
stimulate translation in combination with the 5’ cap, and (ii) elements that promote 
translation cap-independently.  The former elements include the Potato virus X 5’ leader 
motifs which are required for efficient translation of the capped, polyadenylated RNA (2), 
the Tobacco mosaic virus (TMV) Ω sequence (3) and the Alfalfa mosaic virus (AMV) RNA 
4 5’ UTR (4) which stimulate cap-dependent translation by an order of magnitude relative to 
that of the RNA with a cap only.  The Ω sequence stimulates translation of uncapped RNA, 
but addition of a cap stimulates it even more (3).  The 3’ end of Turnip yellow mosaic virus 
(TYMV) (5), which consists of a tRNA-like structure, and the non-polyadenylated AMV 3’ 
non-coding region (6) substitute for the role of a poly(A) tail on capped mRNAs.  The cap-
independent translation elements include the internal ribosome entry sites in the 5’ UTRs of 
potyviral RNAs and the cap-independent translation elements in the 3’ UTRs of uncapped, 
non-polyadenylated viral RNAs of luteoviruses and members of the Tombusviridae family 
(for review, see ref 7).  It is likely that many other plant viruses have translational enhancers.  
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Here, we describe an approach to identify cap-independent translation elements in plant viral 
RNAs.  
 
1.1. Advantages of the in vitro translation system 
In vitro cell-free translation systems consist of crude cell extracts containing active 
components for protein synthesis, including tRNAs, ribosomes, and translation factors, 
supplemented with an energy regenerating system (8).  They require only the addition of 
amino acids and the mRNA template (see Note 1), and optimization of the ionic conditions to 
initiate protein expression.  The most commonly used systems include the S30 supernatant 
from wheat germ extract (WGE) (9) or a rabbit reticulocyte lysate (RRL) (10).  Both systems 
are commercially available (e.g. Promega, Madison, WI, Ambion, Austin, TX).  The WGE is 
a higher fidelity system than RRL for translation of plant or animal mRNAs (11).  The RRL 
is less cap-dependent and is prone to initiate translation at internal sites and to read through 
stop codons. 
Usually, in vitro translation extracts are pretreated with micrococcal nuclease to 
remove endogenous host mRNAs.  This results in a less competitive environment when 
compared to cells in terms of availability of the translation machinery to any input mRNA.  
In this state, the presence of a poly(A) tail on the mRNA does not provide a translational 
advantage.  The synergistic stimulation of translation by the cap and the poly(A) tail, that is 
normally observed in cells, can be reproduced in the presence of competing mRNAs, or in a 
system partially depleted of ribosomes and/or translation factors (12). 
The cell-free translation system provides an easy-to-use, well-defined environment 
that can be tuned for efficient translation of any particular mRNA.  Moreover, it allows rapid, 
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sensitive detection of any translation product, by the incorporation of radiolabeled amino 
acids to the reaction mixture added or by direct measurement of the enzymatic activity of the 
encoded protein.   
In vitro translation is used widely to study plant viral translation independent of viral 
replication or other steps of the viral life cycle.  It is an ideal system to identify the minimal 
functional sequence sufficient for translatability of an mRNA.  However, it is possible that 
the in vitro-defined signals may not be sufficient for full translational control in cells.  
Moreover, some translation enhancers are not readily detected in vitro, including the poly(A) 
tail on most mRNAs.  Thus, it is important to complement in vitro data with experimental 
measurements in cells. 
This protocol focuses not on the preparation of in vitro translation extracts (see ref 8) 
but on experiments designed to study cap-independent translation enhancers using the wheat 
germ extract, which include mapping of the translation element within the viral genome, 
determining the effect of free cap-analogue on cap-independent translation, investigating the 
requirement for 5’ ribosome scanning, and testing for an internal ribosome entry site (IRES).  
 
2. Materials 
2.1. Wheat germ translation 
1. Commercial wheat germ in vitro translation system (e.g. Promega, cat no. L4370, 
L4380, L4390, L4400), which includes the wheat germ extract, 1 M potassium 
acetate, 1 mM amino-acids mixture (minus methionine, minus cysteine or minus 
leucine) and BMV RNAs, provided as a positive control and molecular weight 
marker when synthesizing radiolabeled proteins. 
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2.  [35S]-labeled methionine (1200 Ci/mM) at 10 mCi/mL (e.g. Amersham, Arlington 
Heights, IL) (see Note 2) 
3. Ribonuclease inhibitor (e.g. Promega RNAsin supplied at 33 U/µL, Ambion 
SuperRNAsin supplied at 20 U/µL) 
4. Nuclease-free water or DEPC-treated water 
5.  In vitro-transcribed RNAs (see Note 3).  Always include a positive control (e.g. wild 
type RNA) for any preparation.  
 
2.2. SDS PAGE gel and autoradiography 
1. SDS-gel polyacrylamide gel electrophoresis system (refer to ref 13) 
2. Gel-drying apparatus 
3. PhosphorImager screen 
4. PhosphorImager apparatus (e.g. STORM or Typhoon phosphoImager, Amersham) 
 
2.3. Quantification of luciferase activity 
1. Luminometer (e.g. Turner Designs TD-20/20 Luminometer) 
2. Luciferase assay system reagent (Promega, E1500) 
 
3. METHODS 
3.1. In vitro translation assay 
The in vitro translation standard reaction using radioactive detection is carried out 
according to manufacturer’s instructions, subject to alteration of conditions discussed in 
Subheading 3.2, in a final small volume of 12.5 µL for each sample (see Notes 4-6).  
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Caution must be taken to avoid RNase contamination.  Carry out the preparation of the 
translation mixture on ice.  This minimizes possible inactivation of the wheat germ extract 
components and helps to synchronize translation initiation for all samples at a similar time 
point.  Rapidly freeze the unused extract to -80°C.  
1. Assemble the following reaction: 
• 2 µL amino acid minus mixture (minus methionine) (see Note 2). 
• 1 µL 1M potassium acetate for a final concentration of 130 mM (see 
Subheading 3.2.1 ). 
• Ribonuclease inhibitor at a final concentration of 1 U/µL.  
• 0.65 µL [35S]-labeled methionine at a final concentration of 0.5 mCi/mL with 
a molarity of 5.4 pmol.  
• 6.5 µL Wheat Germ Extract.  
• 0.1 pmol in vitro-transcribed RNA (see Subheading 3.2.2).  Use 0.25 µg of 
the provided BMV RNA control as a molecular weight marker. 
• Bring the final volume to 12.5 µL with nuclease-free water.  
2. Incubate the reaction at 25°C for 60 minutes (see Subheading 3.2.3).  
3. Stop the reaction by placing samples on ice and by adding gel loading buffer.  
4. Run samples by standard SDS polyacrylamide gel electrophoresis (refer to ref 13) 
(see Note 7). 
5. Dry gel and expose it to a phosphorimager screen. 
6. Quantify the radioactivity of the band migrating at the expected size of your protein 
of interest using image analysis software (e.g. ImageQuant).  The intensity of the 
band reflects the level of protein expression based on the amount of labeled amino 
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acids incorporated into the protein during synthesis.  It is important to subtract 
background counts, which is determined by the quantification of an equivalent area 
on a negative reaction control lane (translation reaction without mRNA template 
added).  For an accurate quantification of different reaction products, the number of 
methionine codons (or other labeled amino acids) present in each protein of interest 
must to be taken into account.  
 
3.2. Essential optimizations of the in vitro translation reaction 
The translation efficiency of any particular mRNA depends on the condition used in 
the in vitro reaction.  Prior to any definitive assay, it is imperative to determine the 
appropriate conditions (potassium, magnesium, mRNA concentrations, incubation time) to 
optimize the translation reaction for sensitivity to changes in the translation efficiency of the 
tested mRNA.  
 
3.2.1. Optimization of the magnesium and potassium concentrations 
The optimal ionic conditions for translation vary for each mRNA transcript.  The 
Promega wheat germ extract contains an endogenous level of 53 mM potassium acetate and 
2.1 mM magnesium acetate.  To optimize ionic conditions for the mRNA of interest, in 
separate reactions, test concentrations ranging from 2 to 5 mM magnesium acetate, and 50 to 
200 mM of potassium acetate.  
 
3.2.2. Optimization of mRNA concentration  
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In order to measure the changes in translation efficiency of intact mRNAs, the 
translation system should not be saturated by the amount of mRNA template added to the 
reaction.  Thus, it is necessary to generate an mRNA concentration curve.  
Test an increasing concentration of mRNA (0.05 pmol to 5 pmol) in 12.5 µL 
translation reactions as described in Subheading 3.1.  
1. Plot the level of the protein synthesized for the given mRNA vs concentration.  The 
optimal concentration of mRNA is that in which there is a linear response of the 
protein product to the amount input mRNA.  
 
3.2.3. Optimization of the reaction incubation time 
The reaction should be run long enough to obtain sufficient product, but should be 
terminated before the products reach saturation.   
1. Perform a time course with a subsaturating concentration of mRNA template in a 50 
µL translation reaction.  Adjust the recommended volume of each component to the 
wheat germ mixture accordingly. 
2. Remove 5 µL of the translation mix from the on-going translation reaction at different 
time points (from 0 to 3 h) taking more samples at early time intervals. 
3. Rapidly freeze each aliquot until the analysis of the results of the translation products 
for all samples is performed.  
4. Plot the level of the protein synthesized from the given mRNA vs time.  The optimal 
incubation time is around the time point at which 50% of maximum protein 
accumulates, where the response of protein produced over time is still linear.  
 
   176 
3.3. In vitro translation mediated by a translation enhancer on a reporter mRNA 
A conventional approach to study viral translation is to place a reporter gene in 
between the viral UTRs in place of part or all viral coding regions.  In some cases, the coding 
region of the gene of interest contributes to the translation efficiency.  To ensure that the 
replacement of the coding region with a reporter does not interfere with the normal activity 
of the putative translation element, it is important to check that the reporter RNA construct 
behaves similarly to an all-virus based mRNA construct in a standard in vitro translation 
reaction.  If the viral ORF does appear to affect translation, it can then be included as an 
extension of the UTR in the reporter construct, or the reporter gene can be fused in-frame to 
the virus ORF.  The reporter construct can reveal the minimal sequence required for full 
activity of the translation element in a heterologous mRNA.  The translatability of the 
reporter mRNA can be easily detected both in vitro and in vivo via enzymatic assay, which is 
an alternative to the standard radioactive translation detection (see Note 8).  
Different reporters, which are not endogenous to the cell-free extract, are commonly 
used to study translation efficiency.  These include the chloramphenicol acetyl-transferase 
(CAT), ß-glucuronidase (GUS) and luciferase reporter genes.  The luciferase assay, which 
measures the light intensity emitted during hydrolysis of ATP by the enzyme in presence of 
the substrate luciferin, is (i) fast, allowing immediate reading of the enzyme activity upon 
addition of the substrate, (ii) does not require additional sample preparation, (iii) is more 
sensitive than other reporter genes, and (iv) has no background activity in the in vitro 
translation system.  
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1. Carry out the in vitro translation reaction as described in Subheading 3.1.,excluding 
the addition of the radiolabeled amino acid (see Notes 5 and 6).  Each sample should 
be tested at least in triplicate.  
2. Stop the in vitro translation reaction by placing the samples on ice for about 10 min. 
3. Thaw the luciferase assay reagent (see Note 9) and aliquot 50 µL in fresh eppendorf 
tubes. 
4. Add 1-5 µL of the positive control in vitro translation reaction (the positive control is 
an mRNA, such as one with wild type viral UTRs known to translate efficiently) to 
the luciferase reagent and set the sensitivity of the luminometer to ensure no signal 
saturation.  Adjust the volume of the sample to use, accordingly. 
5. Start reading all samples.  When analyzing the data, the percentage of luciferase 
activity of each RNA sample can be normalized relative to the positive control, which 
is then defined as 100%.  (see Note 10) 
 
3.4. In vitro analysis of cap-independent translation elements 
Several in vitro assays can be performed to test the presence of a cap-independent 
translation element within a plant viral RNA. 
 
3.4.1. Mapping the cap-independent translation element region 
The first step in the identification of a translation enhancer is to define the region within 
the viral genome that contributes most to the translatability of the uncapped RNA in vitro.  
The translation elements can reside within an untranslated region or be part of the viral 
coding region.  Map the 5’ and 3’ boundaries of the translation element by testing the effect 
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of progressive truncation, and internal deletion, on the translation of the transcript of the viral 
RNA genome or subgenomic RNA.  Compare the translation of all RNA transcripts in both 
capped and uncapped forms (see Note 11).  A cap-independent translation element is defined 
as the minimal region that is necessary and sufficient for the translation of an uncapped 
mRNA, and can be replaced functionally by the addition of a 5’ cap. 
1. Progressively truncate the mRNA transcript from the 3’ end by linearization of the 
cDNA clone with various restriction enzymes (see Note 12).  
2. Test the efficiency of translation of each truncated mRNA transcript in both uncapped 
and capped forms in the in vitro translation reaction optimized as under Subheading 
3.2. 
3. Compare the efficiency of translation of each truncated mRNA to that of the wild 
type, full-length viral RNA (in both capped and uncapped forms).  In the presence of 
the cap-independent translation element, the addition of a cap generally does not 
provide more than two or three-fold stimulation of translation to that of the uncapped 
form.  The loss of the cap-independent translation element should cause at least a 
five-fold drop in translation efficiency of the truncated mRNA when compared to that 
of the full-length RNA, although this may vary depending on the system.  The 
addition of a cap should fully restore translation of the RNA, from which the 
translation element has been deleted, to wild type level (see Note 13-15).  Test the 
putative cap-independent translation element in the context of a non-viral RNA (e.g. 
reporter construct, see Subheading 3.3) and see whether it confers translation at a 
similar level as in the natural context viral RNA when comparing capped vs uncapped 
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RNAs.  Keep in mind that additional sequences elsewhere in the genome could 
contribute to full cap-independent translation activity, particularly in cells. 
 
3.4.2. Effect of free cap analogue on cap-independent translation 
A functional assay to test the cap-independent translation mechanism is to determine 
the effect of free cap analogue (m7GpppG) on the efficiency of translation of the mRNA of 
interest.  Free cap analogue inhibits cap-mediated translation by competing for the cap-
binding pocket in the cap-binding factor eIF4E.  If the translatability of the particular mRNA 
of interest does not depend on eIF4E, but relies simply on recruitment of the ribosomes in the 
absence of a cap-binding protein, the presence of free cap analogue should have no or little 
effect on its translation. 
1. Carry out the in vitro translation reaction as described in Subheadings 3.1 with the 
optimal translation condition for the particular mRNA of interest.  In separate 
reactions, add increasing concentrations of free cap analogues (m7GpppG, ranging 
from 0 to 0.4 mM) to the translation reaction. 
2. As control, in a separate reaction, add similar increasing concentrations of GTP to the 
translation reaction.  Because GTP lacks the 7-methyl group, it does not bind the cap-
binding pocket of eIF4E and thus does not inhibit the cap-dependent translation.  This 
confirms the specificity of the effect of the cap analogue on the RNA translatability 
(see Note 16).   
3. Compare the efficiency of translation of the uncapped mRNA to the capped form 
with a functional translation element, and a capped mRNA lacking a translation 
element, in presence of increasing concentration of either m7GpppG or GTP.  
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Compare the concentration of cap analogue required for each mRNA to inhibit 
translation by 50%.  The difference in translation behavior of both capped and 
uncapped RNAs in the presence of cap analogue indicates their requirement for the 
cap-binding protein, and hence cap-dependence.  
 
3.4.3. Testing for the requirement for ribosome scanning from the 5’ end 
 The cap-independent translation elements can either (i) bind the ribosomal subunits 
internally near to the start codon, regardless of its position relative to the 5’ end, or (ii) recruit 
the translation initiation complex cap-independently, but require a free 5’ end to initiate 
ribosome scanning through the 5’ UTR to reach the first initiation codon.  The latter 
mechanism thus far appears to be limited to plant viruses.  
The standard assay for 5’ ribosome scanning is to: (i) place a stem-loop structure (ΔG 
= - 30 kcal/mol) within 12 nucleotides of the 5’ end in one construct, and at a much more 5’ 
distal position in the 5’ UTR of another construct (14) (see Note 17), or (ii) insert an 
upstream AUG within the 5’ UTR of the uncapped mRNA, out of frame relative to the main 
open reading frame.    
1. Perform the in vitro translation assay as described in Subheadings 3.1.  
2. Compare the efficiency of translation of the mRNA containing the above stem-loops 
or the out-of-frame upstream AUG to that of the wild type mRNA.  If the cap-
independent translation mechanism is 5’ end-dependent, the presence of the stable 
stem loop at the very 5’ end of the RNA will inhibit translation, by blocking access of 
the 5’ end to the ribosome (see Note 18). When located at a distal position from the 5’ 
end, the same stem-loop structure will have no effect on the binding and scanning of 
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the ribosomes through the 5’ UTR (see Note 17).  Also, if the cap-independent 
translation mechanism relies on ribosome scanning, it will favor the recognition of 
the upstream AUG, which would drastically reduce initiation from the start codon of 
the main open reading frame located further downstream (see Notes 19 and 20). 
 
3.4.4. Testing for an Internal Ribosome Entry Site (IRES) 
A conventional assay to determine whether cap-independent translation mechanism 
occurs via internal ribosome entry is to test the translation element in the context of a 
dicistronic mRNA (15) (see Note 21).  In an internal ribosome entry mechanism, the 40S 
ribosomal subunit binds directly to the IRES element, independently of the 5’ end, and 
initiates translation at an internal AUG.  The assay from the dicistronic construct determines 
whether the putative IRES element in the intercistronic region will support translation of the 
downstream open reading frame (ORF), which normally remains untranslated (or at a 
background level).  If the translation element is an IRES, translation of the downstream ORF 
is independent of the translatability of the first ORF, and is controlled solely by the 
translation element placed in the intergenic region. 
1. Insert the putative IRES element in between two standard reporter genes (Fig. 1A).  
2. Test the dicistronic construct in both capped and uncapped forms in a standard in 
vitro translation reaction, and measure the translation efficiency of each ORF.  IRES-
mediated translation may require higher salt concentration for optimal expression.  
Further optimization of the ionic condition of the in vitro translation may be needed 
(see Subheading 3.2.1).  Include all control constructs to demonstrate specificity of 
translation (Fig. 1B).  By removing the 5’ cap or by blocking ribosome entry from the 
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5’ end with the addition of a stem loop (see Subheading 3.4.3), the translation of the 
first ORF is abolished.  However, the translatability of the second ORF should not be 
affected if the sequence inserted in between the two ORFs is an IRES.  An IRES 
element is demonstrated by its ability to sustain a level of expression of the second 
ORF that is many fold higher than is obtained in the presence of a non-IRES 
sequence between the two ORFs.  To confirm the IRES activity of the translation 
element, it is necessary to test the same constructs in vivo, and ensure that the 
transcript remains intact because it is possible that the translation of second ORF 
results from a translation of a truncated form the RNA transcript. 
 
4. Notes 
1. Some in vitro translation systems can be programmed with a DNA template because 
they are coupled transcription and translation systems (e.g. Promega, Ambion).  The 
mRNA is transcribed from the DNA template driven by a SP6, T7 RNA polymerase 
promoter, and without further purification, it is translated.  While convenient, this 
system may not be appropriate to compare quantitatively the translation efficiency 
among different RNA samples. It is difficult to estimate the amount of RNA present 
at a given time and some mutations may affection transcription rate.  
2. The wheat germ extract lacks endogenous amino acids, which permits addition of 
radiolabeled residues in the reaction.  35S-labeled methionine is most frequently used 
to label proteins, unless the protein of interest does not bear any methionine in its 
sequence.  3H-labeled leucine can also be used.  When adding 35S-labeled methionine 
to the reaction mix, use the amino acids mixture minus methionine. 
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3. Check all in vitro-transcribed RNAs on an agarose gel prior to assay to ensure that 
they are intact, with the expected size and concentration.  It is important to be 
accurate and consistent with the concentration of the RNA used throughout the assay, 
to ensure that the amount of protein synthesized reflects translation efficiency of each 
mRNA and not variations in RNA concentration. 
4. While the user can follow the recommended final reaction volume of 50 µL per 
sample as instructed by the manufacturer, the authors found that a 12.5 µL reaction 
volume is more than sufficient for an in vitro translation assay and minimize the use 
of the expensive reagents.  If a larger volume reaction is needed, increase the 
recommended volumes described in Subheading 3.1 accordingly. 
5. It is important to include for each preparation, an in vitro translation reaction without 
mRNA template added.  This helps to determine background level of expression of 
endogenous mRNAs present in the wheat germ extract, and the specificity of any 
translation products observed in the assay to mRNA template added to the reaction. 
6. It is recommended to prepare a master mix, from which aliquots are removed for each 
sample, prior the addition of the RNA transcripts.  This provides accuracy in 
component concentration and decreases deviation in between samples.   
7. The quantification of the synthesized proteins can also be performed by 
trichloroacetic acid precipitation of labeled proteins followed by scintillation counting 
to determine the approximate the percentage of incorporation of the radiolabeled 
amino acids.  The main advantage of separating the protein product on a SDS-PAGE 
polyacrylamide gel is that it determines the size of the translation products and 
reveals products of premature termination, proteolysis or internal initiation. 
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8. The enzymatic assay measures indirectly the translation efficiency of the RNA as we 
assume that there is a linear correlation between enzyme activity and amount of 
enzyme expressed.  This is in contrast with the quantification of protein expression by 
radiolabeling, which measures direct accumulation of the translation products. 
9. When testing a large number of samples, it is advisable to use the Steady-glo® 
Luciferase assay system (Promega, E2510).  The Steady-glo® luciferase has a signal 
half-life of more than 1 hour (compared to the 1 min signal half-life of the standard 
Luciferase assay system).  However, be aware of the lower sensitivity of the Steady-
glo® luciferase system.  
10. If no luciferase activity is observed in any of the samples, test your reporter 
constructs in presence of radiolabeled amino acids for a standard quantification of the 
translation products as described in Subheading 3.1. While the luciferase gene 
tolerates some fusions to its N-terminal domain, it remains possible that the fusions to 
the reporter construct may have altered the proper folding or activity of the luciferase 
enzyme.  
11. Capped transcripts are synthesized during in vitro transcription in the presence of cap 
analogue (m7GpppG) and normal GTP at a 4:1 ratio (e.g. mMESSAGE mMachine, 
Ambion).  The cap analogue is incorporated only as the 5’ terminal G of the 
transcript.  
12. The secondary structures of all mutants should be predicted using a program such as 
MFOLD (16) prior to construction. 
13. If translation of a truncated mRNA transcript is not restored in the presence of a cap, 
it is worth verifying the capping efficiency during RNA transcription. The efficiency 
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of capping for each transcription can be a subject of variation.  Thus, it is suggested to 
repeat each translation assay in replicate with different batches of in vitro transcribed 
RNAs. 
14. Uncapped mRNAs are more susceptible to degradation than the capped forms, 
especially in cells (17).  It is advisable to confirm that instability of the mRNA does 
not account for the loss of translation of the uncapped transcripts lacking a putative 
translation enhancer.  For this purpose, perform (i) a functional mRNA stability 
assay, by comparing the translation efficiency of each mRNA over a time course, 
and/or (ii) physical mRNA stability assay, by extracting total RNA from the 
translation mixture at different time points and analyzing RNA accumulation over 
time by a northern blot hybridization (17).   
If RNA degradation is a concern, test translation of the mRNA transcript in the 
presence of a non-functional m7ApppG cap as the 5’ terminal nucleotide.  The 
m7ApppG cap increases the stability of the transcript but has no stimulatory effect on 
translation, as it is unable to recruit the translation factors.  
15. It is important to test each mRNA in vivo to determine whether the boundaries of the 
putative translation element are the same in vivo and in vitro.  Additional sequences 
have been observed to be necessary for full expression of the viral RNA in vivo (7). 
16. If translation is inhibited by the presence of GTP, it may be necessary to optimize the 
magnesium concentration.  The excess of nucleotide may chelate the magnesium 
present in the translation reaction, which results in nonspecific inhibition of 
translation. 
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17. The presence of an extremely stable stem-loop structure (∆G= - 61 kcal/mole) inhibits 
translation regardless of its position within the 5’ UTR, as the stem structure is too 
stable to be disrupted by the scanning ribosome complex (14, 18).  
18. Predict secondary structure of the 5’ UTR of the particular mRNA of interest in the 
presence of the stable stem loop using a program such as MFOLD (16), to ensure that 
there are no other alterations of the secondary structure, which may result in 
artifactual translation inhibition. 
19. It remains possible that some detectable level of translation can be measured from the 
downstream start codon, which results from leaky scanning and/or re-initiation.  The 
efficiency of translation at the upstream AUG is also influenced by the sequence 
context surrounding the start codon.  The optimal translation initiation context in 
plant system is the consensus: A(C/A)AAUGG (19).   
20.  Discontinuous scanning or shunting of the ribosome remains a possibility to be 
tested.  Such a mechanism involves specific sequences that act as “take-off” and 
“landing” sites for the ribosome, and secondary structures within the 5’ UTR that 
block the linear progression of the 40S ribosomal subunit (20).  
21.  Circular mRNA can also be used to test internal ribosome entry site activity (21).  In 
this context, the translation efficiency of the IRES is measured in the absence of a 
free 5’ end to demonstrate the direct binding of the 40S ribosomal subunit to the 
IRES element independently of the 5’ end.  However, construction of homogeneous 
circular mRNAs is technically difficult. 
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FIGURE LEGEND 
 
Fig. 1. (A) Schematic representation of a dicistronic construct to test the IRES activity of a 
translation element from an intercistronic position.  (B) Various dicistronic RNA constructs 
used to demonstrate internal initiation of translation at the IRES.  The expected translational 
activity of each open reading frame (ORF) in the different contexts is shown.  
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APPENDIX C. PREPARATION AND ELECTROPORATION OF OAT 
PROTOPLASTS FROM CELL SUSPENSION CULTURE 
 
A methodology paper published in  
Current Protocols in Microbiology (2007) 16D.3.1-16D.3.12, John Wiley & Sons, Inc. 
 
Aurélie M. Rakotondrafara, Jacquelyn R. Jackson, Elizabeth Pettit Kneller, W. Allen Miller  
 
Abstract 
Protoplasts provide a convenient system for introduction of nucleic acids into plant cells.  
Protoplasts allow rapid assay of gene expression and virus replication, with advantages for 
plant biology similar to those of cultured animal cells for the study of animal systems.  
Traditionally, preparation and handling of protoplasts has been as much art as science, 
requiring a special touch by the user.  The purpose of this unit is to lay out in clear detail all 
the methods and nuances involved in protoplast preparation using a robust, reliable system 
that does not require skills beyond those expected of an unspecialized molecular biologist.  
Because dicots and monocots differ in many biological properties, and because different 
procedures may work better for different plants, separate units in this book are devoted to 
protoplast preparation from dicots (Arabidopsis, tobacco) (refer to units 16D.1 and 16D.4) 
and from a monocot (oat). This unit describes methods for preparation and transfection by 
electroporation of protoplasts derived from an oat suspension culture. 
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Unit Introduction 
Plant protoplasts provide a rapid means of introducing nucleic acids into cells.  Thus, 
the use of protoplasts is a valuable tool to investigate gene expression control or virus 
replication in vivo, in a very short time frame (less than 48 hr).   
In the plant, each cell is surrounded by a wall consisting of a thick matrix of 
polysaccharides, proteins, and polyphenolic compounds.  These walls are impervious to 
macromolecules.  To allow rapid uptake of nucleic acids, the walls must be removed using 
cellulases.  This yields delicate, spherical cells (protoplasts) held intact only by the plasma 
membrane.  Protoplasts are free floating, and do not attach to surfaces like most cultured 
animal cells.  They are highly vulnerable to changes in osmotic pressure, so the media in 
which they are obtained must be iso-osmotic with the cell interior. Protoplasts live only a few 
days.  Upon longer incubation they either die or regenerate cell walls.  In fact whole plants 
can be regenerated from some protoplast types.  Therefore, protoplasts must be prepared 
fresh for each experiment. 
Protoplasts can be derived from whole plants, stationary undifferentiated tissue 
(callus cultures) (refer to unit 16D.1) or from undifferentiated tissue grown in solution 
(suspension culture), in which it is suspended by constant shaking.  We find that large 
quantities of uniform protoplasts can be obtained more rapidly and reliably from suspension 
cultures than from plants.  This unit describes a simple, rapid and reliable method to generate 
large amounts of protoplasts from an oat (Avena sativa) suspension culture.  The unit is 
divided into sections that describe: (i) isolation of protoplasts by digestion with cellulases, 
(ii) preparation of protoplasts for electroporation, (iii) electroporation of protoplasts with 
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RNA to assay gene expression or RNA replication, (iv) culture of cells post-electroporation 
and collection for reporter gene assays or RNA extraction.   
Oat protoplasts have been used commonly for viruses that infect monocots.  
However, it is noteworthy that the host range of viruses is greatly expanded at the protoplast 
level.  A supporting protocol describes methods for maintaining and storing the oat 
suspension culture cells on solid media.  More details on electroporation are described in unit 
16D.4.  Methods for extraction of RNA from protoplasts are described in unit 16E.2. 
 
Basic Protocol 
 
PREPARATION AND ELECTROPORATION OF OAT PROTOPLASTS FROM 
CELL SUSPENSION CULTURE 
 
The oat cell suspension culture system described herein allows one to follow the 
activity of both stably and transiently transformed cells.  Plant protoplasts are prepared by 
overnight digestion of plant cell walls, followed by washing of the cells.  An electrical pulse 
is applied to cells in the presence of DNA or RNA, and the cells are transferred to growth 
medium.  Here we describe the steps for preparation of cells through their harvest.  The basic 
protocol outlines digestion and handling of protoplasts for viral replication studies.  Minor 
differences in the handling of the cells for reporter gene expression assays are described at 
specific steps in the protocol and discussed in the Commentary.  Methods for generating and 
maintaining suspension cultures are described in the Support Protocol.  
 
Materials 
 7-day old oat suspension culture (Avena sativa cv. Stout) (see Support Protocol) 
 Enzyme solution (see recipe) 
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 Artificial Sea Water: 0.6 M mannitol (1:1 ratio) (see recipe) 
 Electroporation buffer (see recipe) 
 1 M Spermidine (filter sterilized, aliquot and store at –20˚C) 
 Murashige and Skoog media with 0.4 M mannitol (see recipe) 
 
 Sterile hood 
 Gyrotory shaker (Model G2 New Brunswick Scientific Co, Inc.) 
 Motorized pipet filler/dispenser (Eppendorf EasyPet) 
Centrifuge (e.g. Sorvall® RC-5C Plus) with SH-3000 or comparable swinging bucket 
rotor with inserts for 15 ml conical tubes 
Electroporator with square wave pulse (e.g. BTX® T820 ElectroSquare Porator or BioRad 
GenePulser XCell™ with CE module) 
 50 ml conical centrifuge tubes 
 10 ml serological pipettes 
 100 x 15 mm sterile plastic Petri dishes 
 Wide orifice tips for P-1000 
 4 mm electroporation cuvettes 
 6 well cell culture plates 
 light microscope 
 
NOTE: All work should be carried out under sterile conditions. Unless otherwise noted, all 
solutions should be autoclaved and then stored at 4˚C. Equipment which will come in direct 
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contact with the protoplasts should be sterilized before use.  Keep solutions sterile at all 
times. 
Digest oat cell suspension culture 
1. Transfer a 7 day-old oat cell suspension subculture (about 40 to 50 ml volume), into a 
sterile 50 ml conical tube and let cells settle in the tube for 5 min. 
Oat cell suspension culture is available from the authors. 
For best results, use cell suspension cultures that have been subcultured within the 
previous 5-7 days.  This assures (i) an adequate amount of healthy cell growth.  
(Expect to obtain approximately 10 ml of packed cells); and (ii) efficient cell wall 
digestion (the thick cell walls of older cultures greatly reduce digestion efficiency).  
A satisfactory suspension culture consists of finely growing cells with some small 
clumps that are less than 1 mm in diameter. 
50 ml of the enzyme solution is sufficient for the digestion of up to 10 ml of packed 
cells. If the amount of packed cells exceeds 10 ml, adjust volume of cells to 10 ml 
or increase the total amount of enzyme solution to maintain a 5:1 ratio of enzyme 
solution to packed cells. 
2. Remove supernatant and gently resuspend cells in 20 ml of freshly prepared enzyme 
solution.  
Always use a freshly prepared enzyme solution. 
Protoplasts are very fragile to mechanical manipulation. Resuspend cells by gently 
inverting the tube or by pipetting up and down slowly. 
3. Transfer cell/enzyme mix into a large Petri dish (145 x 20 mm) and add the remaining 
30 ml enzyme solution. 
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If using a small Petri dish (100 x 15 mm), transfer the cell/enzyme mix into 3 
sterile Petri dishes and aliquot the remaining enzyme solution into each.  Final 
volume in each dish should not exceed 20 ml. 
4. Seal the Petri dish with Parafilm and cover it with aluminum foil to keep out light. 
At this point, the cell/enzyme suspension has a granulated appearance. 
5. Shake cell/enzyme suspension on a rotary shaker (Model G2 New Brunswick 
Scientific Co. Inc.) at room temperature overnight at 42 rpm. 
To avoid over-digestion, do not incubate longer than 16 to 18 hrs. 
After digestion, cell clumps should no longer be visible with the naked eye, giving 
the digest a smooth homogenous appearance. 
6. Inspect a drop of digested cells under a light microscope to observe isolated 
protoplasts. 
Freely floating protoplasts should have a uniform spherical shape.  
Proceed to preparing cells for electroporation only if a large number of healthy 
protoplasts are observed.  A digest that has a few partially digested clumps may be 
used for replication studies but is not ideal for gene expression assays. 
Wash protoplasts to remove debris 
It is recommended to inspect protoplasts under a light microscope after each wash step.  
Handle the protoplasts very carefully during the following steps to minimize cell rupture. 
A motorized pipet filler/dispenser (Eppendorf EasyPet) works best for collecting 
protoplasts and to dispense media. Protoplasts and all added solution should be released 
very slowly against the wall of the tube during the wash step.  Avoid introducing air 
bubbles.  
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7. Carefully collect the protoplasts with a sterile 10 ml serological pipet and gently 
dispense the cells into two sterile 50-ml conical tubes. 
8. Harvest protoplasts by centrifugation at 4o C for 5 min at 100 x g (700 rpm in a 
Sorvall® SH-3000 swinging bucket rotor). 
9. Remove supernatant by aspiration. In each tube, resuspend protoplasts in 10 ml of 
ASW/0.6 M mannitol.  
10. Wash cells by centrifuging as in step 8. 
 Healthy protoplasts should give a yellow pellet in a clear supernatant. 
11. Aspirate off supernatant and resuspend cells again in 10 ml of ASW:0.6 M mannitol. 
12. Repeat wash as in step 8. 
If cell debris is still observed under light microscope, one additional wash is 
recommended. Protoplasts are very sensitive to osmotic pressure.  Osmotic 
differences due to improperly prepared buffer can contribute to the constant presence 
of broken cells. Such a protoplast preparation should not be used for electroporation. 
Prepare the cells for electroporation 
13. Remove supernatant by aspiration. Use 10 ml of electroporation buffer containing 0.2 
mM spermidine to resuspend and combine protoplasts into one tube.  
Add spermidine (2 µl of 1M stock per 10 ml of electroporation buffer) to the 
electroporation buffer prior to use.  
14. Centrifuge as in step 8. 
15. Remove supernatant. Resuspend the protoplasts in electroporation buffer containing 
0.2 mM of spermidine, to a final density of ~6 x 106 cells/ml/sample. 
Use a hemocytometer (APPENDIX 4A) to count cells. 
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10 ml of packed cells yield about 60 x 106 protoplasts. The final volume of 
electroporation buffer used to resuspend protoplasts varies with the type of assay. 
For replication assays, resuspend protoplasts in up to 10 ml of electroporation 
buffer (and use 1 ml of suspended protoplast per sample). For transient expression, 
protoplasts can be resuspended in up to 25 ml of buffer for approximately 2.5 x 106 
cells/ml/sample. 
16. Inspect a drop of the protoplast suspension under a light microscope. Proceed to step 
17 only if protoplast suspension is largely free of cell debris. 
Add RNA and electroporate protoplasts  
17. Aliquot 1 ml protoplast suspension into each sterile 4 mm electroporation cuvette 
and place on ice.  
Use wide bore 1 ml pipet tips to aliquot protoplasts.  
At this point it is recommended to prepare the cell culture plate needed in the final 
step of electroporation (step 21).  According to the total number of samples, aliquot 5 
ml of MS + 0.4 M mannitol into the appropriate number of wells on a 6-well plate.  
18. When ready to electroporate, add RNA to the cells and mix by gently inverting the 
cuvette. 
To minimize degradation of the RNA sample, electroporate sample as soon as RNA 
is added. 
 The amount of RNA to be added depends on the type of assay. For replication 
studies, it is recommended to use as much as 10 µg RNA per sample.  Higher 
amounts can be used for virion purification. 1µg or less of RNA is sufficient for 
transient expression.  
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Efficient coinoculation of more than one RNA simultaneously can be performed 
simply by mixing more than one RNA sample prior to electroporation.  Alternatively, 
a two-step electroporation approach can be used if RNAs are to be introduced into 
the same cells at different times (see Commentary).  
19. After adding RNA to the cells, place cuvette immediately into the holder of the 
electroporator device and electroporate cells at a defined voltage and capacitance 
setting, depending on the electroporator available. 
If using the BTX® Electro Square Porator® T820, the optimal setting for 
electroporating oat protoplasts is one pulse for 6 msec at 300 V. 
If using the Biorad GenePulser XcellTM, the optimal setting is 300 V/ 500 µF.  
Both electroporators perform with similar efficiencies at the above settings. 
20. After electroporation, place cuvette back on ice until the remaining samples have 
been electroporated.  
21. Under a sterile hood, transfer each sample into one well on the 6-well cell culture 
plate containing 5 ml of MS + 0.4 M mannitol media. 
For maximum recovery of cells, remove 1 ml MS media from the well prior to 
transferring the electroporated sample into the well. Use this 1 ml aliquot of media to 
rinse the cuvette. 
White threads of debris resulting from cell lysis after electroporation are commonly 
observed in the sample. 
For transient expression assays, it is not critical to work under sterile conditions. 
The sample can be poured into the MS media immediately after electroporation.  
  
200 
22. Seal the plates with Parafilm and cover with aluminum foil. Incubate the plates at 
room temperature for 24 to 48 hr. 
The quality of the protoplast preparation determines the viability of protoplasts for 
at least 48 hr after electroporation. 
For transient expression, cells can be harvested 30 min post-transfection. Optimal 
expression is observed after 4 hr, although individual experiments may require some 
optimization. 
Harvest cells 
23. Inspect electroporated samples in culture plates under a light microscope. 
A mixture of intact protoplasts and cell debris clumps is commonly observed. 
24. Carefully collect cells from the culture plate and gently transfer each sample into a 
separate 15 ml centrifuge tube. 
25. Pellet cells by centrifuging as in step 8. 
For virion purification, centrifuge cells at 700 x g for 5 min. 
26. Aspirate off supernatant. 
For replication assays, it is recommended to perform at least one additional wash 
with ASW:0.6 M mannitol (1:1) to remove cell debris before proceeding to isolation 
of total RNA. 
At this stage, the cell pellet can be stored in an appropriate buffer at -80ºC until 
needed for downstream applications.  However, this is not recommended for 
recovery of RNA for replication analysis.  It is best to isolate total RNA from a fresh 
sample. 
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Support Protocol 
SUBCULTURE OAT SUSPENSION CULTURE 
It is important to maintain a healthy cell suspension culture.  This is accomplished through 
weekly transfers of subcultures into fresh MS media in a 1:4 ratio of suspension:medium.  
Cell cultures can then be used indefinitely if transferred to fresh medium on a weekly basis. 
Transfers should be carried out under aseptic conditions to avoid contamination. It is 
recommended to work under a laminar flow hood. 
Additional materials and equipment 
40 ml MS media in 150 ml Erlenmeyer flask  
Platform shaker (New Brunswick Scientific Classic Series C24 incubator/shaker) 
MS media with phytagel 
 
1. To subculture cells, transfer 10 ml of a 7 day-old oat suspension culture into 40 ml of 
fresh MS media.   
2. Seal the flask by plugging the top with sterile cotton wrapped in aluminum foil. 
3. Incubate at 20-25oC with shaking between 160-220 rpm on a platform shaker (New 
Brunswick Scientific Classic Series C24 incubator/shaker). 
4. Subculture cells every 7 days. 
Oat suspension cultures can be used for protoplast preparation three days after 
subculturing.  To obtain the appropriate cell growth/volume for digestion in such 
short period of time, transfer 25 ml of 7 day-old culture into 40 ml of fresh MS 
media..   
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Basic Protocol 2 
LONG TERM STORAGE AND SHIPPING OF CELL CULTURE 
For shipping cells, it is recommended that cells be supported on solid media.  
Prepare fresh Murashige and Skoog medium containing a solidifying agent such as 
phytagel or phytablend (see recipe). Under sterile conditions, pour cooled media into 
sterile 50-ml conical tubes or any sterile test tube.  Tilt the tubes so that the media has an 
angled surface after it solidifies. Cut several pieces of oval shaped Whatman 3MM paper 
disks to a diameter that allows them to fit inside the 50-ml conical tube. Wrap pre-cut 
disks in foil and sterilize by autoclaving.  Once the media solidifies, place the sterile oval 
paper disk onto the angled media surface using sterile forceps.  While optional, the paper 
disk helps to hold cells in place and prevents them from sliding during transport.  
Collect cells as in Basic Protocol, step 8, by centrifuging and aspirating off liquid 
media.  Using a sterile spatula, scoop a sample of cells from the pellet and carefully place 
the sample onto the paper disk in the 50-ml conical tube or directly on the media.  Gently 
spread cells over the paper disk.  Replace the cap and seal with Parafilm.  Cells are now 
ready for shipping.  The callus cultures that grow on this media are stable for several 
weeks at room temperature.  To re-establish a suspension culture, scrape cells from the 
paper disk and transfer them into 40 ml of fresh MS media. Alternatively, remove the 
entire paper disk and place it into the flask containing the MS media. Allow the cell 
suspension to grow and proceed with subculturing into fresh media. 
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REAGENTS AND SOLUTIONS 
Artificial Sea Water (ASW):0.6 M mannitol (1:1 ratio) (for 1L) 
 311 mM NaCl (18.18 g) 
 18.8 mM MgSO4  (2.26 g) 
 6.8 mM CaCl2   (1.0 g CaCl2•2H2O) 
 10 mM MES  (2.13 g) 
 6.9 mM KCl  (0.514 g) 
 16.7 mM MgCl2  (3.39 g MgCl2•6H2O) 
 1.75 mM NaHCO3   (0.148 g) 
 Adjust the pH to 6.0 
 Prepare 1L of 0.6 M mannitol 
 Add 0.6 M mannitol to ASW solution to a 1:1 ratio. 
 Autoclave, cool to room temperature, and store at 4˚C. 
Electroporation buffer 
 10 mg KH2PO4  
 57.5 mg Na2HPO4·7H2O  
 130 mM NaCl (3.75 g) 
 0.2 M Mannitol (18.2 g) 
 Adjust the volume to 495 ml with ddH2O.  Adjust the pH to 7.2. 
 Once the solution is cooled to room temperature, add 4 ml of 400 mM filter sterilized 
CaCl2. 
Just before use add spermidine (See protocol) 
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Enzyme solution 
 Always prepare fresh in ASW:0.6 M mannitol: 
 0.1% (w/v) Driselase (Sigma) 
 0.175% (w/v) Cellulase (Onozuka RS, Yakult Pharmaceuticals) 
 0.8% (w/v) Hemicellulase (Sigma) 
 Stir for at least 30 minutes to allow all the enzymes to solubilize. 
 Adjust the pH to 5.6-5.7.   
 Filter through a 0.2 micron filter.   
 50 ml enzyme solution is sufficient for the digestion of up to 10 ml of packed cells. 
Murashige and Skoog media (for 1L) 
 1 packet of  MS media without agar (MPBio Cat. No. 2633020) 
 87.6 mM sucrose  (30 g) 
 10 ml 100X vitamin solution 
 Adjust the pH to 5.7 
 Autoclave, cool to room temperature, and store at 4˚C. 
Murashige and Skoog media with 0.4 M mannitol (for 1 L) 
 1 packet of MS media without agar (MPBio Cat. No. 2633020) 
 0.4 M mannitol  (72.8 g) 
 87.6 mM sucrose  (30 g) 
 10 ml 100X vitamin solution 
 Adjust the pH to 5.7 
 Autoclave, cool to room temperature, and store at 4˚C. 
Murashige and Skoog media with phytagel (for 1L) 
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 1 packet of MS media without agar (MPBio Cat. No. 2633020) 
 87.6 mM sucrose  (30 g) 
 10 ml 100X vitamin solution 
 2.5 g phytagel (Sigma Cat No: p8169) 
 Adjust the pH to 5.7 
 Autoclave, cool to room temperature, and store at 4˚C. 
100X Vitamin solution (for 1000 ml)  
 Pyridoxine.HCl  50 mg 
 Thiamine.HCl  50 mg 
 Nicotinic acid  50 mg 
 Myo-Inositol  10 g 
 Store at –20˚C. 
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COMMENTARY 
Background Information 
Plant protoplasts are valuable tools for the study of plant gene expression and plant virus 
replication.  Transient expression of genes in protoplasts provides a rapid means of 
measuring expression of cloned genes in a matter of hours.  In contrast, stable transformation 
of plants takes weeks, and shows considerable plant-to-plant variation.  Each transgenic plant 
is derived from a single transformation event, whereas a typical protoplast assay represents 
the average of thousands of separate transformation events.  Protoplasts allow studies of gene 
expression directly from RNA, avoiding the need for the nuclear transcription, processing, 
and export that takes place in DNA-mediated transformation.  This is valuable for direct 
assessment of post-transcriptional control of gene expression at the levels of mRNA stability 
and translation.  
Protoplasts can be generated from whole plant parts, such as leaf mesophyll cells, or 
they can be generated from undifferentiated suspension culture cells.  We find suspension 
cells to be more convenient for production of protoplasts.  Suspension cells are immortal, 
more uniform than plant-derived cells that come in many types, and the walls are less 
refractory to cellulolytic degradation than cells from whole plants.  Different cell cultures 
have different properties, and of the different kinds we have tested, oat suspension cultures 
proved to be easy to maintain over many years, and produce reliable and high yields of 
protoplasts.  However, other cell cultures such as tobacco BY2 cells and maize BMS cultures 
are widely used. 
The first isolation of protoplasts was from tomato fruit, and the cells were  inoculated 
with Tobacco mosaic virus particles (Cocking, 1960; Cocking and Pojnar, 1969).  
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Subsequent generalization of the technique for different starting materials (reviewed in 
Sander and Mertes, 1984), including cell suspension cultures, opened new avenues to study 
viruses at the cellular level.  The use of this technique in viral research offers unique 
advantages.  First, the protoplast system allows one to infect synchronously a large number 
of cells with one or more viral RNAs. Generally, a much higher percentage of cells is 
infected than in whole plant infections. Secondly, it provides an experimental system for 
transient assays that circumvents some limitations of working in whole plants such as tissue 
specificity, or a requirement for vector transmission. Also, host range of viruses is greatly 
expended at the protoplast level.  Thirdly, such a system helps to distinguish events that 
affect viral accumulation at the cellular level from events that affect cell-to-cell and/or 
systemic movement and infection of plants.   
The use of cell suspension culture for protoplast isolation instead of plant tissues 
offers several advantages: (i) reproducibility of protoplast preparations with constant yield as 
the quality of cell suspension culture is less variable, (ii) greater viability of the protoplasts, 
(iii) reduced labor, and (iv) more sterile conditions and thus less contamination by fungi or 
bacteria (reviewed in Sander and Mertes, 1984).  
Oat protoplasts have been used for studying viruses such as Barley yellow dwarf 
luteovirus (BYDV), Barley stripe hordeivirus and Brome mosaic virus (Barnett et al. 1981; 
Zheng and Edwards, 1990; Furusawa and Okuno, 1978).  The protocol described herein was 
developed in our laboratory using oat cell suspension culture for studying BYDV and is 
based largely on the work of Dinesh-Kumar et al. (1992) whose protocols were derived from 
Young et al. (1989). Our oat cell suspension culture (Avena sativa cv. Stout) originated from 
Howard Rines, U. of Minnesota (Dinesh-Kumar et al., 1992).  Oat cell suspension culture 
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can be generated from callus culture.  Please refer to Birsin et al. (2001) and Chen et al. 
(1994) for further details. 
Viral particles or RNA or DNA can be readily introduced into cells after the 
removal of the cell wall. Several methods including use of electroporation, polyethylene 
glycol (PEG), or polyanions such as poly(L) ornithine (Samac et al., 1983; Young et al., 
1989, Owens, 1979) can be used to introduce macromolecules into protoplasts.  
Electroporation and PEG, when optimized, can give comparable efficiencies of 
transformation.  PEG is less damaging to cells and it is inexpensive because it does not 
require any special equipment.  Electroporation, as described in this protocol, is generally the 
most efficient, rapid and reproducible technique to introduce nucleic acids into plant and 
mammalian cells (See unit 16D.4).  It involves passing an electric pulse through a sample of 
cells which momentarily opens pores within the plasma membrane to allow macromolecules 
to enter (or exit) the cell (Fromm et al. 1985, 1987).  Although it is a harsh procedure, 
sufficient numbers of cells recover to be used for downstream applications. Viability and 
successful inoculation of the protoplasts by electroporation depend on the nucleic acid 
concentration, the ionic strength of the buffer, the voltage, and the duration of the electrical 
pulse applied (see Critical Parameters) (Fromm et al. 1985, 1987).  The same conditions can 
be used for electroporation of RNA or DNA. 
If appropriate care is taken, it is possible to electroporate the same batch of 
protoplasts more than once, for example to introduce different macromolecules at 24 hr 
intervals (Shen and Miller (2004).  To do this, critical changes in the procedure include the 
use of higher concentrations of protoplasts per sample and a decrease of voltage during 
electroporation from 300 V to 280 V (or lower) to minimize cell death.  24 hr after the first-
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electroporation, cells are harvested, washed and resuspended in electroporation buffer.  After 
addition of the second RNA (or DNA) sample, the cells are electroporated at 280 V.  
Satisfactory cell recovery was observed under such conditions.  
Critical Parameters 
The use of cell suspension cultures instead of plants as starting material for making 
protoplasts, offers the advantage of having a source material that is already aseptic.  For the 
protocol described above, it is important that these sterile conditions be maintained 
throughout the course of the experiment.  This is especially true for replication assays, which 
require long incubation periods in sucrose-containing culture media that is an ideal breeding 
ground for fungal and bacterial contaminants.  All media should be prepared, autoclaved, and 
opened only under a laminar flow hood.   
Before preparing protoplasts from oat cell suspension cultures, it is vitally important 
that the protoplasts be generated from a cell suspension culture that has been maintained 
properly.  The age of the cell suspension culture is critical when using it as a source for 
isolating protoplasts.  Well-maintained cultures ensure reproducible results.  To minimize the 
presence of old and dying cells in the culture, oat cell suspension cultures should be 
subcultured weekly.  For preparation of protoplasts, it is recommended to use suspension 
cultures 7-days after subculturing.  If enough cells are present, younger subcultures can be 
used.  The yield of protoplasts is reduced greatly if older cultures are used.  We found that 
cultures older than 7 to 8 days do not digest properly.   
Another parameter critical for success of performing an inoculation assay is the 
quality of protoplasts generated from the overnight enzyme digestion.  This is probably the 
most important factor for any experiment requiring the use of protoplasts.  Using the proper 
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buffer along with the appropriate concentration of enzyme is crucial to the success of the 
digest.  We recommend the RS cellulase from Onozuka, Yakult.  For oat cells, the enzymes 
are dissolved in artificial sea water (ASW): 0.6 M mannitol with the pH adjusted to 5.6-5.7.  
Each enzyme lot varies slightly and differs in activity, so it is important to compare each new 
batch of enzyme with the older lot.  If necessary, the amount of enzyme added may be 
adjusted to optimize the digestion.   
Media quality is another important critical parameter that should be addressed when 
preparing and inoculating protoplasts.  Once protoplasts are isolated, maintaining them in the 
appropriate media ensures that the cells survive and do not rupture during downstream 
applications.  Because protoplasts lack a cell wall, their plasma membranes are extremely 
sensitive to osmotic differences introduced by the media in which they are maintained.  
Therefore, correct osmotic conditions must be maintained in the media throughout the entire 
procedure. Osmotic changes introduced through improperly prepared media can interfere 
greatly with the success of the experiment. For example, poor quality protoplasts enhance 
RNA degradation and result in poor quality Northern blots from extracted RNA. Thus, inert 
substances such as mannitol are added to the media to equalize the osmotic pressure inside 
and outside of the cell.  Protoplasts should be handled carefully due to their fragile nature and 
should be siphoned and dispensed slowly during transfers.  It is recommended to slowly 
release the protoplasts and added media against the wall of the tube during pipetting.  Avoid 
sudden jarring or violent shaking of the sample. 
 Once a healthy batch of protoplasts has been isolated and washed, it is ready for 
electroporation.  It is necessary to resuspend protoplasts in the appropriate electroporation 
buffer and wash at least once in the buffer before electroporating the sample.  Buffers used 
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for electroporation should be made with double deionized water to ensure that that the media 
is free of any contaminating electrolytes that can affect the electric conductivity of the buffer 
(Hibi, 1989).  The length of the electric pulse and the voltage setting vary for different cell 
types and are critical parameters for the success of the experiment.   Too long a pulse at a 
given voltage can damage protoplasts due to the dramatic effects on the cell wall (Fromm et 
al., 1987).  For oat protoplasts, we have consistently obtained good results using the BTX 
Electro Square PoratorTM  T820 with one 6 msec pulse at 300 V, or using the BioRad 
GenePulser XCellTM (with CE module) at 300 V/ 500 µF.  All samples are electroporated in 
sterile 4 mm gapped electroporation cuvettes.  If electroporating protoplasts from cells other 
than oat, electroporation settings may have to be optimized before a successful transfection 
can be achieved.  Refer to Fromm et al. (1985 and 1987) and Hibi (1989) for more details on 
how to optimize conditions for successful transfections of protoplasts.   
Broken cells within a sample can release nucleases that can degrade the nucleic acid 
sample.  Therefore, samples should always be kept on ice during the electroporation 
procedure to reduce their activity and electroporated immediately after adding RNA to 
minimize exposure of the RNA to RNases (Hibi, 1989).  The lower temperature also allows 
the pores that were generated in the membrane from the DC pulse to remain open longer to 
allow for more efficient uptake of the nucleic acid (Hibi, 1989).  For best results, use freshly 
prepared transcripts for inoculation experiments.  However, properly stored samples can be 
used as inoculum as long as the integrity of the RNA is maintained and monitored. We 
routinely use commercial kits to prepare transcribed RNA for our inoculation assay 
experiments and have achieved good results with Ambion’s Megascript kits.  It is 
recommended not to pause longer than the times indicated at any stage of the protoplast 
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preparation procedure.  All steps should be followed to completion to ensure a successful and 
reproducible experiment.   
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Table 1.  Troubleshooting 
Problems Possible cause(s) Solution(s) 
Poor growth of suspension 
cells 
Poor quality media 
 
Improper growth temperature 
 
 
Cells not shaken properly 
Prepare fresh media 
 
Set growth temperature 
between 20-25°C 
 
Set platform shaker to  
160-220 rpm 
Contamination of suspension 
culture/buffers 
Media/buffer opened in non-
sterile conditions 
 
 
 
Poorly autoclaved 
media/buffer 
Work under sterile 
conditions; Always open 
media/buffers under 
laminar flow-hood 
 
Autoclave solutions 
properly and store them at 
4°C 
Poor digestion of suspension 
culture 
Cell suspension culture was 
too old  
 
 
 
Digestion time too short  
 
Improper ratio of enzyme 
solution/packed cells 
 
 
 
 
 
Poor quality enzyme solution 
Make sure that the cells 
are 7 days old or younger 
(relative to the day of 
previous subculture) 
 
Increase digestion time 
 
Increase the amount of 
enzyme solution 
accordingly 
(50 ml of enzyme solution 
for about 10 ml of packed 
cells) 
 
Use only freshly prepared 
enzyme solution.  Verify 
the pH of the enzyme 
solution.  It is 
recommended to use 
cellulase from Onuzaka, 
RS, Yakult 
Pharmaceuticals for best 
results. 
Too many cells burst during 
protoplast preparation 
Poor quality media/buffer  
 
 
 
Prepare media/buffer 
properly.  
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Harsh handling of the cells  
 
Avoid sudden jarring, 
violent shaking, rapid 
pipetting of cells; 
Dispense suspended 
protoplasts against the 
wall of the tube. 
 
Low efficiency of 
transformation 
Poor digestion of the cells 
 
Not enough RNA inoculum 
 
 
 
Degraded RNA inoculum 
Increase digestion time 
 
Increase RNA amount, 
check integrity of the 
RNA used  
 
Minimize exposure of the 
RNA to RNAses; keep 
samples on ice; once 
inoculum is added to the 
cells, electroporate 
immediately. 
Poor viability of the cells after 
electroporation 
Poor quality protoplast 
preparation  
 
 
Overdigestion of the cells 
 
Wrong voltage setting 
 
 
Poor quality electroporation 
buffer 
 
Poor quality of culture media.  
 
Electroporate protoplasts 
only if you have a good 
preparation 
 
Shorten digestion time 
 
Excessive voltage will 
increase cell mortality 
 
Prepare new 
electroporation buffer 
 
Prepare new culture 
media 
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Anticipated Results 
Seven-day old suspension cultures should appear as fine clumps.  Inspection of the 
cells under a light microscope following digestion should show that the majority of cells are 
spherical, freely floating individual cells that are uniform in size.  The washing procedure 
should remove most of the debris.  Following electroporation, viability of the protoplasts is 
high (~80%); with a small amount of debris resulting from cell lysis is observed in the 
medium.  At 24-48 hours post-electroporation, there will be a mixture of intact cells and 
clumps of debris visible under the light microscope.  
From one 50 ml culture of oat suspension culture, it is possible to electroporate up 
to 10 samples for viral replication studies, and up to 25 samples for transient expression 
assays.  The washing and electroporation steps are carried out routinely with one to two 50 
ml cultures at a time. 
Time Considerations 
The process of digestion of plant cells requires 30 minutes to 1 hr for setup, 
followed by overnight digestion.  Washing and electroporation takes <2 hr, depending on the 
number of samples handled.  For translation assays, 4 hr incubation of electroporated cells is 
optimal, although reporter gene activity is above background within 15-30 min following 
electroporation.  To study viral replication, 24 to 48 hours incubation is usually allowed 
before harvest of cells, but this may vary depending on the replication of the virus. 
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